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ABSTRACT 
The purpose of this research program was to determine the strength, strain, fatigue, 
temperature, and other corresponding behavioral characteristics of concrete sandwich wall 
panels containing the new Delta Tie® fiber reinforced polymer (FRP) tie connector produced 
by Dayton/Richmond, a brand of Dayton Superior. The scope of this program included a 
matrix of three full-scale 40'-0" wall panels subjected to a 100°F temperature differential, 
and a matrix of six elemental specimens, three with the ties oriented in the strong direction 
(parallel tie orientation) and three with the ties oriented in the weak direction (perpendicular 
tie orientation), subjected to cyclic load tests for determination of fatigue characteristics and 
in-plane shear capacities of the Delta Tie. The scope of this research included deformation 
measurements, strain measurements, temperature recordings, fatigue strength determinations, 
and theoretical analysis for comparison to experimental results. 
The results of this research indicated that when subjected to a 100°F temperature 
differential, the full-scale wall panels did not experience bowing displacements of large 
enough magnitude to cause in-plane shear displacements in excess of the maximum capacity 
of the Delta Tie. Also, observation of the results indicated that wall panels constructed with 
closer tie spacing experienced a larger value of composite behavior. Additionally, the results 
of this research indicated that the maximum in-plane capacities of the Delta Tie were 
approximately 3300 lbs or 0.043 inches of displacement for ties oriented in the strong 
direction and approximately 3000 lbs or 0.027 inches of displacement for ties oriented in the 
weak direction. Based on the cyclic loading used in the scope of this research, the fatigue 
characteristics of the Delta Tie were not significant; however, when orientated in the strong 
direction, the Delta Tie maintained some magnitude of mechanical anchorage between 
concrete wythes, which was not quantified within the scope of this research. 
Given the scope and results of this research, the Delta Ties performed adequately 
under the 100°F temperature differential and the recommended orientation for Delta Ties 
used in composite sandwich wall construction is the parallel tie orientation. 
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1. INTRODUCTION 
1.1. Background 
1.1.1. Sandwich Wall Panels 
A sandwich wall panel is a precast/prestressed concrete structural system that is 
typically composed of two concrete layers (wythes) separated by a layer of insulating 
material and held together by some form of mechanical connection. Sandwich panels can be 
used in a wide variety of structures such as: residential buildings, office buildings, schools, 
warehouses, correctional institutions, and buildings with low-temperature environments and 
controlled atmospheres. Exterior load bearing walls are the most common use for sandwich 
walls but they can also be used as interior partition walls, particularly for temperature 
controlled rooms. [1-6] 
Sandwich wall panels have been produced in North America for more than 40 years 
and are growing in popularity due to the many advantages that sandwich panel construction 
has to offer. The same advantages of conventional precast concrete panels apply to sandwich 
panels, such as quality control during construction, variety of shapes and designs available, 
ability to accept architectural treatments, structural integrity and versatility, and speedy 
erection in all seasons. However, sandwiching the insulation layer between two wythes of 
concrete provides additional advantages such as increased energy efficiency, acoustics 
control, vibration control, fire resistance, and a more durable insulation system protected 
from external damage. [1-6] 
Increased energy efficiency is a significant advantage in the use of sandwich panels 
due to the rising cost of energy. The amount of energy necessary to heat or cool a building 
can be reduced considerably with the use of sandwich panels, due to their ability to maintain 
large temperature gradients. Thermal efficiency of sandwich panels can be improved by 
minimizing the amount of heat transferred through the insulation layer. Typically, metallic 
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connectors have been used to attach the concrete wythes. These metallic connectors conduct 
heat or cold through the insulation layer, creating a thermal short circuit and reducing the 
thermal efficiency of the panel. The use of non-metallic wythe connectors is one method of 
eliminating thermal short-circuits in the panels. This report will focus on the use of a Fiber 
Reinforced Polymer (FRP) truss-type connector, the P-24 Delta Tie produced by 
Dayton/Richmond. [1-6] 
The three classifications of sandwich panels are "Composite", "Semi-Composite", 
and "Non-composite". A sandwich panel is considered composite if the wythe connectors 
provide full shear transfer between the two concrete wythes, allowing the panel to resist all 
applied loads as a single unit. Non-composite action is achieved when only a negligible 
amount of shear transfer is provided by the wythe connectors, forcing the two concrete 
wythes to resist loads independently. If the wythe connectors of a sandwich panel are 
capable of transferring more shear than a non-composite section, but less shear than a 
composite section, the sandwich panel is classified as semi-composite. Initial chemical and 
mechanical bonding between the insulation layer and the concrete wythes can result in 
adequate strength to provide full shear transfer. This bond, however, can be broken down 
with time by moisture penetration, freeze-thaw action, and/or cyclic bowing due to transient 
temperature gradients; and therefore, can not be considered as a reliable mode of shear 
transfer during the service life of the structure. [1-6] 
1.1.2. P-24 Delta Tie 
1.1.2.1. General Product Information 
The Delta Tie is a Fiber Reinforced Polymer (FRP), two-dimensional, truss-
configured connector, produced by Dayton/Richmond, to be used for composite sandwich 
panel construction. The use of a non-metallic material for the design of the Delta Tie 
eliminates thermal transfer through sandwich panels via the tie-connector, thereby increasing 
the thermal efficiency of the panel. 
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The typical Delta Tie has overall dimensions of approximately 5"x7"xl/8". A 
detailed illustration of the Delta Tie can be seen in Figure 1.1. The two-dimensional truss 
configuration of the Delta Tie is utilized so that the tie can be oriented in the sandwich panel 
in either direction, depending on the thickness of the panel. 
S.00 
11/16"  
Rl/4* 
Figure 1.1. Detail of P-24 Delta Tie connector by Dayton/Richmond. [7] 
The FRP tie is manufactured using continuously wound, alkali resistant fiberglass 
embedded in a Bisphenol A type epoxy vinyl ester resin. The chemical composition of the 
resin and fiberglass was chosen to provide corrosion resistance to concrete alkalinity. 
Additional specifications for the resin, fiberglass, and manufacturing can be seen in 
Appendix A. Shear and tension properties of the Delta Tie have also been determined, 
through previous research, resulting in an ultimate shear capacity of 3,220 lbs and an ultimate 
tension capacity of 3,100 lbs. [7-10] 
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1.1.2.2. Ignition Loss Test 
In order to determine the composition of the Delta Tie, ignition loss tests ("burn-
down" tests) were performed. The test was performed in accordance with ASTM D2584, 
with the exception of the conditioning stage, which required that the specimen to be held at a 
constant humidity for a specified amount of time. Due to constraints of the ASTM D2584 
specification to limit the specimen sizes to less than an inch in size, only three selected 
portions of the tie were tested, which are illustrated in Figure 1.2. 
" B  
"A 
"C 
Figure 1.2. Ignition loss test specimens from Delta Tie. 
Three Delta Ties were sampled for testing, per the ASTM D2584 specification, 
creating nine total specimens to be tested for ignition loss. Each specimen is listed in Table 
1.1, corresponding to the labels shown in Figure 1.2. 
Table 1.1. Ignition loss test specimen labels. 
Specimen "A" "B" "C" 
« 2 »  1A IB 1C 
"2" 2A 2B 2C 
"3" 3A 3B 3C 
The ignition loss tests were performed at Iowa State University's Environmental 
Engineering Research Lab, located in Town Engineering Building, by laboratory personnel. 
According to the ASTM D2584 specification, "If only glass reinforcement and organic resin 
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were present, the ignition loss can be considered to be the resin content." [11] The results of 
these tests are summarized in Table 1.2. 
Table 1.2. Ignition loss test results. 
Specimen 
Percent Weight Loss (%)* 
A B C 
1 31.49 31.17 32.74 
2 33.26 32.12 36.05 
3 38.22 36.93 38.63 
Average 34.32 33.41 35.81 
Total Average 34.5 
"Percent Weight Loss" is considered the resin content. 
Based on the results of the ignition loss tests, the composite material was found to 
contain an average of 65.5 percent fiberglass and 34.5 percent resin. This data was used to 
determine a theoretical Young's Modulus for the composite material, based on the material 
properties given in Appendix A for the resin and the fiberglass, and Equation 1.1. [5] 
Where, 
+ E. Equation 1.1 
Efrp = Theoretical Young's Modulus of composite material 
Eg = Young's Modulus of fiberglass (10.733 x 106 psi) 
Er = Young's Modulus of resin (4.0 x 105 - 5.2 x 105 psi) 
Wg/Wt = Percent Weight of fiberglass 
Wr W, = Percent Weight of resin 
Using an average value (4.6 x 105 psi) for the given range of Young's Modulus for the resin, 
the theoretical value for Young's Modulus of the composite material was found to be 7.189 x 
106 psi. 
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1.2. Project Description 
The purpose of this research program was to determine the strength, strain, fatigue, 
temperature, and other corresponding behavioral characteristics of concrete sandwich walls 
containing the new Delta Tie fiber composite tie connectors produced by Dayton/Richmond, 
a brand of Dayton Superior. These special tie connectors served as connectors between 
wythes of concrete sandwiched around two inches of foam insulation. The scope of this 
program included a matrix of full-scale 40'-0" panels subjected to a 100°F temperature 
gradient and a matrix of elemental specimens subjected to cyclic load tests for determination 
of fatigue characteristics and in-plane shear capacities. Altogether the scope included three 
full-scale panels for thermal testing and six elemental specimens for fatigue testing. The 
scope included deformation measurements of the wythes, strain measurements, temperature 
recordings, and fatigue strength determinations. [12] 
1.3. Research Plan 
1.3.1. Full-Scale Thermal Testing 
Concrete wall panels used in building construction are subjected to transient 
temperature gradients on a daily basis, causing the panels to experience curvature or bowing. 
Sandwich panels tend to experience a greater thermal gradient than solid panels of equal 
thickness due to the enhanced thermal properties of sandwich panels, resulting in a larger 
magnitude of curvature. Bowing in sandwich panels creates horizontal bending and shear 
forces which must be transferred between the wythes of concrete using wythe connectors or 
wall ties. Design of the wall ties is dependent on the desired degree of composite action in 
the panel and the magnitude of curvature experienced by the panel. Determining the exact 
amount of anticipated bow in a sandwich panel is nearly impossible; therefore, approximate 
methods are used for predicting the magnitude of bow by comparing actual panel behavior of 
similarly constructed panels. [1-6] 
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In order to gain a better understanding of sandwich wall behavior using the Delta Tie 
connector, three full-scale wall panels were constructed and subjected to a 100°F temperature 
gradient. Each wall was 40'-0" long by 4'-0" wide with varying thicknesses and longitudinal 
Delta Tie spacing. The matrix illustrating the varying wall thicknesses and longitudinal 
Delta Tie spacing is shown in Tablel.3. The transverse spacing of the Delta Tie connectors 
is 2'-0", with each tie located l'-0" from the edge of the panel. See Figure 1.3 for additional 
construction details. 
The objective of the full-scale thermal test was to determine the magnitude of 
longitudinal bow in the panel, the translation differential between concrete wythes, and 
whether or not the Delta Tie at the free end of the panel reached failure. 
Table 1.3. Vlatrix of full-scale wall panel test specimens. 
Wall 
Panel 
Thickness (in.)1 Longitudinal 
Delta Tie 
Spacing2 
Structural 
Wythe 
Insulation 
Wythe 
Curtain 
Wythe Total 
1 7.25 2 2 11.25 2'-0" 
2 7.25 2 2 11.25 4'-0" 
3 2 2 2 6 2'-0" 
1 All walls are 4'-0" wide by 40'-0" long. 
2 Transverse Spacing of Delta Ties is 2'-0" for all walls. 
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Figure 1.3. Details of full-scale concrete sandwich wall panels. 
9 
1.3.2. Elemental Fatigue Testing 
The daily transient temperature gradients, previously mentioned, will cause a 
sandwich panel to experience cyclic bowing effects throughout the life of a structure, in turn 
causing cyclic loading on the Delta Tie connectors used to transfer forces between the two 
concrete wythes. The elemental fatigue test was utilized in an attempt to gain a better 
understanding of how the Delta Tie will perform throughout the life a structure by applying a 
cyclic, in-plane shear load on the Delta Ties, to a fatigue of 12,000 cycles. 
Six elemental sandwich wall specimens were constructed using the Delta Tie 
connectors. Three of these specimens were constructed with the Delta Ties oriented parallel 
to the applied load (strong direction) and the other three specimens were constructed with the 
Delta Ties oriented perpendicular to the applied load (weak direction). The in-plane shear 
load was applied through a series of controlled displacements. Three incremental 
displacements were applied to the specimens at 4000 cycles each, followed by a monotonie 
load applied to the specimen until the Delta Ties reached failure. The original matrix of 
cyclic displacements applied to each specimen can be seen in Table 1.4. 
Table 1.4. Original matrix of cyclic testing for elemental fatigue specimens. 
Specimen 
Cycles 
1 - 4000 4001 - 8000 8001 -12000 Monotonie 
Displacement (in.) 
Pa
ra
lle
l 
Ti
e 
O
ri
en
ta
tio
n Pari ±1/16 ±3/32 ±1/8 
Maximum (+) 
to Failure 
Pa
ra
lle
l 
Ti
e 
O
ri
en
ta
tio
n 
Par2 ±1/16 ±3/32 ±1/8 Maximum (+) 
to Failure Pa
ra
lle
l 
Ti
e 
O
ri
en
ta
tio
n 
Par3 ±1/16 ±3/32 ±1/8 Maximum (+) 
to Failure 
Pe
rp
en
di
cu
la
r 
Ti
e 
O
ri
en
ta
tio
n Perpl ±1/16 ±3/32 ±1/8 
Maximum (+) 
to Failure 
Pe
rp
en
di
cu
la
r 
Ti
e 
O
ri
en
ta
tio
n 
Perp2 ±1/16 ±3/32 ±1/8 Maximum (+) 
to Failure 
Pe
rp
en
di
cu
la
r 
Ti
e 
O
ri
en
ta
tio
n 
Perp3 ±1/16 ±3/32 ±1/8 Maximum (+) 
to Failure 
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The specimens were composed of three concrete wythe s separated by two layers of 
insulation, with each wythe connected by one Delta Tie connector (two per specimen) 
located at l'-0" from the bottom and l'-0" from the edge of the middle wythe in each 
specimen. All of the specimens had two exterior concrete wythe s of the same size with 
dimensions 2'-0"x2'-0"x3" and two-inch thick insulation layers. However, the three 
specimens with parallel Delta Tie orientation had an interior concrete wythe with dimensions 
2'-0"x2'-0"x4" and the three specimens with perpendicular Delta Tie orientation had an 
interior concrete wythe with dimensions 2'-0"x2'-0"x6". See Figurel.4 for additional details 
and dimensions. 
o 
CM O 
z 
/ 
6" / I ' - O "  
— 
/6" 
/ / 
M n MM M~ 
O 
CM 
— 9 
3" o"4" 
1) (r; 
IIP 
-4" 
2" g"  2 '  
JMl 
PARALLEL 
DELTA TIE 
ORIENTATION 
PERPENDICULAR 
DELTA TIE 
ORIENTATION 
Figure 1.4. Details of elemental fatigue specimens. 
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2. CONSTRUCTION OF TEST SPECIMENS 
2.1. Full-Scale Wall Panels 
2.1.1. Procedure 
All three of the full-scale wall panels were constructed in the Iowa State University 
structures laboratory. Steel forms were used to build 40'-0"x4'-0" precasting beds on the 
floor of the lab so that the panels could be built flat and later tilted up on edge for the testing 
phase. 
2.1.1.1. Construction of Wall Panels 1 and 2 
Panels 1 and 2 were constructed first, beginning with the IVA-inch structural wythe. 
Steel reinforcement was placed in the precasting beds using #4 bars at 16-inch spacing in 
both the longitudinal and transverse directions, with additional #4 longitudinal bars along 
each edge of the panel. These bars were placed at the mid-depth of the wythe using 3Và-inch 
chairs. At one end of each panel a l'-6" long region was constructed as a solid concrete 
block, therefore additional reinforcement was required across the construction joint. Four 
lifting anchors were also placed along one edge of the structural wythe, at the same depth of 
the rebar, to allow for tilt-up and handling of the wall during the testing phase. The lifting 
anchors were spaced to provide equal reaction at each anchor during the lifting and handling 
process. [13] See Figure 2.1 for additional reinforcement details and lifting anchor locations. 
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igure 2.1. Panels 1 & 2 - reinforcement plan and lifting anchor locations (structural wythe 
only). 
Figure 2.2 shows the precasting beds for Panels 1 and 2 prior to concrete placement 
with all reinforcement and lifting anchors in place. Figure 2.3 illustrates the additional 
reinforcement hooks provided across the construction joint at the end of each panel. Figure 
2.4 is a close-up picture showing typical lifting anchor installation. 
Figure 2.2. Panels 1 & 2 - structural wythe reinforcement. 
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Figure 2.4. Panels 1 & 2 - typical lifting anchor installation. 
Concrete was placed in the precasting beds using a half-yard concrete bucket, 
screeded to a thickness of 7Vi-inch, vibrated, and then given a light trowel finish to create a 
smooth surface on which to place the insulation layer. The two-inch thick insulation board 
was then placed on top of the lightly finished concrete and the Delta-Ties were installed 
Figure 2.3. Panels 1 & 2 - additional reinforcement at solid end block. 
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through pre-cut slots in the insulation board. The ties were set in the concrete to a depth 
allowing the tie to be centered on the insulation layer and then lightly vibrated to ensure 
adequate concrete consolidation around the tie. Embedded concrete strain gages and Delta 
Ties with attached strain gages, were also installed during this phase of the panel 
construction. These strain gages will be discussed in a later section. Figure 2.5 illustrates the 
typical installation of a Delta Tie through the insulation layer. 
Figure 2.5. Installation of Delta Tie. 
The next step of construction was to secure all strain gage wires and install the 
welded wire fabric reinforcement for the two-inch curtain wythe. Figure 2.6 shows Panels 1 
and 2 with welded wire fabric reinforcement installed and all wires secured. Concrete was 
then placed in the two-inch wythe, screeded, vibrated and troweled for a smooth finish. The 
finished Panels 1 and 2 can be seen in Figure 2.7. After all concrete was placed and finished, 
it was covered with plastic and wet-cured for seven days. 
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Figure 2.6. Panels 1 & 2 - curtain wythe reinforcement. 
Figure 2.7. Panels 1 & 2 - finishing of curtain wythes. 
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2.1.1.2. Construction of Wall Panel 3 
Panel 3 consisted of two identical concrete wythes which were reinforced with 
welded wire fabric to provide minimum reinforcement for temperature and shrinkage, as 
prescribed in ACI 318-02. [14] Welded wire fabric reinforcement was placed along the 
entire precasting bed using %-inch chairs and allowing VA inch (minimum) of clearance from 
each edge of the panel. Similar to Panels 1 and 2, one end of Panel 3 had a l'-6" long region 
constructed as a solid concrete block, requiring additional reinforcement to be provided 
across the construction joint. Four lifting inserts were also placed along one edge of the 
panel, to allow for tilt-up and handling of the wall during the testing phase. The lifting 
anchors were spaced at the same dimensions as Panels 1 and 2 to provide equal reaction at 
each anchor during the lifting and handling process. 
Figure 2.8 shows the precasting beds for Panel 3 prior to concrete placement with all 
reinforcement and lifting inserts in place for the curtain wythe. Figure 2.9 is a close-up 
picture showing typical lifting anchor installation. 
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Figure 2.8. Panel 3 - curtain wythe reinforcement. 
Figure 2.9. Panel 3 - typical lifting insert. 
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Concrete was placed in the precasting beds using a half-yard concrete bucket, 
screeded to a thickness of two inches, vibrated, and then given a light trowel finish to create a 
smooth surface on which to place the insulation layer. The two-inch thick insulation board 
and Delta Ties were installed in the same manner as previously described for Panels 1 and 2, 
along with embedded concrete strain gages and Delta Ties with attached strain gages. Once 
the first wythe was cast and the insulation and Delta Ties were in place, strain gage wires 
were secured and welded wire reinforcement was installed for the second concrete wythe, 
again using %-inch chairs. Figure 2.10 shows Panel 3 with all wires secured and welded wire 
reinforcement in place. Concrete was then placed in the second two-inch wythe, screeded, 
vibrated and troweled for a smooth finish. The finished Panel 3 can be seen in Figure 2.11. 
After all concrete was placed and finished, it was covered with plastic and wet-cured for 
seven days. 
Figure 2.11. Panel 3 - finished curtain 
wythe. 
Figure 2.10. Panel 3 - curtain wythe 
reinforcement. 
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2.1.1.3. Strain Gages and Instrumentation 
Strain gages were utilized to monitor strains in the Delta Ties and strains at each face 
of the concrete wythes, and were embedded during the construction of the wall panels. Three 
locations along the length of the wall were chosen for monitoring and are illustrated in Figure 
2.12. One Delta Tie was instrumented at each location and concrete strain gages were 
installed along the centerline of the panel at each location. In addition to the strain gages, 
thermocouple wires were installed at the interface of the curtain wythe and the insulation 
layer in order to monitor the temperature gradient of the wall. These thermocouples were 
installed at the mid-span of the panel along the centerline of the panel width. 
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igure 2.12. Strain gage diagram for full-scale wall panels. 
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The strain gages installed on the Delta Ties were used to record strains in the truss 
members of the tie, in order to determine the stress distribution through the tie during an in-
plane shear loading condition. The gages were located on the ties in an area contained within 
the insulation layer, where the tie was not surrounded by concrete and allowed to flex under 
applied loads. Assuming a symmetrical distribution of forces within the truss-type tie, strain 
gages were located at four locations, where the larger strains were anticipated. These 
locations are illustrated in Figure 2.13. See Appendix B for a complete listing of all strain 
gages used on Delta Ties in the full-scale wall panels and their descriptions. 
AXIAL GAGE "1" 
Figure 2.13. Delta Tie strain gages for full-scale thermal test. 
Two types of concrete gages were used to monitor the strains at each face of the 
concrete wythes. The first type installed was a concrete embedment gage. These embedment 
gages were installed, during the casting of the wall panels, by fastening the gages to the foam 
insulation using a flexible silicone adhesive. When the insulation was set into place, the 
areas around the embedment gages were lightly vibrated to ensure proper consolidation 
around the gage. Figure 2.14 illustrates the typical installation of an embedment gage, a 
thermocouple wire, and a Delta Tie with strain gages attached, prior to concrete placement. 
AXIAL GAGE "3" BI-AXIAL GAGE 
"4-1" & "4-3" 
AXIAL GAGE "2' 
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strain gages 
Concrete embedment 
strain gage 
Thermocouple 
Figure 2.14: Typical embedded wall panel instrumentation. 
The second type of concrete strain gage utilized on the full-scale panels was a surface 
gage. These gages were adhered to the surfaces of the concrete wythes and were installed 
just prior to the testing phase, after the walls were tilted up into place. Figure 2.15 is a photo 
of a typical surface strain gage. See Appendix B for a complete listing of all concrete strain 
gages used in the full-scale wall panels and their descriptions. 
5 G Z t B ~ C  
! 
Figure 2.15. Typical concrete surface strain gage. 
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2.1.1.4. Lifting and Handling 
A 15-ton overhead crane along with a lifting beam assembly was used to tilt the wall 
panels on edge and to lift and move the wall panels on and off of the testing frame. The 
weight of Panels 1 and 2 was approximately 18,700 lbs and the weight of Panel 3 was 
approximately 8,200 lbs. A 27'-0" long W18x50 steel beam was used with lifting straps to 
pick the panels up at the four pick points provided by the cast-in lifting anchors. See Figure 
2.16 for details of the lifting assembly. Figure 2.17 shows a panel during the tilt-up process. 
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"igure 2.16. Wall panel lifting assembly. 
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Figure 2.17. Wall panel during the tilt-up process. 
2.1.2. Materials 
2.1.2.1. Concrete 
The nominal 28-day compressive strength (f c) for the full-scale wall panels was 
specified as 4,000 psi along with a specified slump of 5 inches (±V/> inch). The structural 
wythes for Panels 1 and 2 were 7%-inch thick, therefore a %-inch maximum size of aggregate 
was used for this mix design. Since both walls were being cast from the same batch of 
concrete, a superplasticizer was added to the mix in order to allow more time for screeding, 
finishing, and installation of Delta Ties with the concrete at a workable consistency. 
The curtain wythes for Panels 1 and 2 and both wythes of Panel 3 were two inches 
thick; therefore, a smaller 3/8-inch maximum size of aggregate was used in this mix. 
Superplasticizer was not added to these mixes as the time constraints were not as critical 
when casting these portions of the panels. The same slump and compressive strength was 
specified for the curtain wythes as for the structural wythes. See Appendix A for the actual 
compressive strengths of the concrete for each casting. 
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2.1.2.2. Reinforcement 
The structural wythes of Panels 1 and 2 used grade 60, #4 reinforcing bars spaced at 
16 inches in both directions. The reinforcement used in the curtain wythes of Panels 1 and 2 
and both concrete wythes of Panel 3 was 6x6-W2.9xW2.9 structural welded wire fabric 
reinforcement. All reinforcement was placed per ACI 318-02 standards. [14] 
2.1.2.3. Insulation 
The insulation layer for the full-scale wall panels consisted of 48"x96"x2" Styrofoam 
Brand Scoreboard panels, which is a trademark of The Dow Chemical Company. This 
insulation is a closed-cell extruded polystyrene foam designed for use in roof, wall, and 
foundation insulation applications. [15] See Appendix A for additional information 
regarding this product. 
2.1.2.4. Delta Ties 
Fiber reinforced polymer (FRP) Delta Ties, supplied by Dayton/Richmond, were used 
for the wythe connectors. Additional information regarding the Delta Ties can be found in 
Sectionl.1.2 and Appendix A. 
2.1.2.5. Strain Gages 
The strain gages used on the Delta Ties were manufactured by Micro-Measurements 
Division. All gages had a resistance of 120 ohms, with varying error percentages and gage 
factors. See Appendix B for a complete list of Delta Tie strain gages including strain gage 
designations and properties. 
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The surface concrete gages, installed on the exterior surfaces of the concrete wythes 
were manufactured by Precision Measurement Co. All gages had a resistance of 120 ohms 
with varying gage factors. The embedment concrete gages installed at the interior surfaces of 
the concrete wythes were manufactured by Tokyo Sokki Kenkyujo Co., LTD. All gages had 
a resistance of 120 ohms with varying lengths and gage factors. See Appendix B for a 
complete list of concrete strain gages including strain gage designations and properties. 
2.2. Elemental Fatigue Specimens 
2.2.1. Procedure 
2.2.1.1. Construction of Elemental Fatigue Specimens 
The elemental fatigue specimens were constructed in the Iowa State University 
structures laboratory. Plywood forms were built using 3/4-inch plywood and wood screws. 
Standard 2-by lumber pieces were used for casting block-outs in the specimens. The forms 
were built so that the specimens would be cast flat on their side, alternating the concrete 
wythe placement with the insulation and Delta Tie placement. Each concrete wythe 
contained two coil insert lifting anchors at a 12-inch spacing, centered in the wythe. The coil 
inserts were located at the top edge of the middle wythe and the bottom edges of the two 
exterior wythes. These inserts were installed not only for lifting and handling purposes, but 
also for fastening into the testing machine, which will be discussed in a later section. See 
Figure 2.18 for a photo of a typical elemental specimen form. 
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Figure 2.18. Typical plywood form for elemental specimens. 
Concrete was placed one wythe at a time, then vibrated and leveled off to the 
appropriate thickness and given a light trowel finish. The two-inch thick insulation board 
was then placed on top of the smooth concrete and the Delta Ties were installed through pre-
cut slots in the insulation board and set to a depth so that the tie was centered on the 
insulation layer. The ties were then lightly vibrated to ensure adequate concrete 
consolidation around the tie. This procedure was repeated until the third wythe of concrete 
was cast, which was given a smooth trowel finish. Delta Ties with attached strain gages, 
were installed in four of the specimens and these ties will be discussed in a later section. 
Once all specimens were cast and finished, they were covered and wet-cured for seven days. 
A pilot specimen was cast first to assure that the proposed coil insert anchorage 
system would be compatible with the cyclic testing machine. Once this procedure was 
verified the remaining six specimens were constructed, resulting in a total of seven elemental 
specimens. 
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2.2.1.2. Strain Gages 
Strain gages were installed on the Delta Ties of four of the elemental specimens (two 
with parallel tie orientation and two with perpendicular tie orientation) and were used to 
record strains in the truss members of the tie, in order to determine the stress distribution 
through the tie during an in-plane shear loading situation. The gages were located on the ties 
in an area contained within the insulation layer, where the tie was not surrounded by concrete 
and allowed to flex under applied loads. The strain gages were located at locations, where 
larger strains were anticipated, including five locations on the Delta Ties with parallel 
orientation and four locations on the Delta Ties with perpendicular orientation.. These 
locations are illustrated in Figure 2.19. See Appendix B for a complete listing of all strain 
gages used on Delta Ties in the elemental fatigue specimens and their descriptions. 
AXIAL GAGE "1" 
AXIAL GAGE "4"—"fx 
AXIAL GAGE "5" 
AXIAL GAGE "3 
AXIAL GAGE "2 
AXIAL GAGE "1" AXIAL GAGE "2" 
AXIAL GAGE "4' AXIAL GAGE "3" 
PARALLEL 
TE ORIENTATION 
PERPENDICULAR 
TE ORIENTATION 
"igure 2.19. Delta Tie strain gages for elemental fatigue specimens. 
2.2.2. Materials 
2.2.2.1. Concrete 
The nominal 28-day compressive strength (f c) for the elemental fatigue specimens 
was specified as 4,000 psi along with a specified slump of 5 inches (±1% inch). The concrete 
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mix design for all concrete wythes in the elemental specimens used a 3/8-inch maximum size 
of aggregate. See Appendix A for the actual 28-day compressive strengths of the concrete 
for each casting. 
2.2.2.2. Insulation 
The insulation layer for the elemental fatigue specimens was cut into 24"x24" pieces 
from 96"x48"x2" Styrofoam Brand Scoreboard panels. This insulation is a closed-cell 
extruded polystyrene foam designed for use in roof, wall, and foundation insulation 
applications. [15] See Appendix A for additional information regarding this product. 
2.2.2.3. Delta Ties 
Fiber reinforced polymer (FRP) Delta Ties, supplied by Dayton/Richmond, were used 
for the wythe connectors. Additional information regarding the Delta Ties can be found in 
Sectionl.1.2. 
2.2.2.4. Strain Gages 
The strain gages used on the Delta Ties were manufactured by Micro-Measurements 
Division. All gages had a resistance of 120 ohms, with varying error percentages and gage 
factors. See Appendix B for a complete list of Delta Tie strain gages including strain gage 
designations and properties. 
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3. TEST SETUP AND PROCEDURES 
3.1. Full-scale Thermal Test 
3.1.1. Setup 
3.1.1.1. Test Frame 
Full-scale thermal testing was performed with the wall panels on one edge, in the 
horizontal position. The test frame was set up so that the wall was supported at four 
locations, which were spaced to provide equal reaction at each bearing point. The panel was 
then clamped at one end, where the solid concrete section of the wall panel was cast. This 
end restraint was applied to maximize the displacements between the two wythes by forcing 
them to occur at the free end. A plan view of the full-scale thermal test frame can be seen in 
Figure 3.1. 
,4-2' 1 1 - 8 "  
WALL PANEL 
OUTLINE 
TYPICAL BEARING 
SUPPORT FRAME 
4 0 - 0 '  
8 - 4 "  '-8' , 4 - 2 '  
END-CLAMP 
FRAME 
"igure 3.1. Full-scale thermal test - plan view of support frame. 
The typical bearing support frames were constructed as L-shaped steel frames, using 
W 10x26 members. A system of rollers was provided at each bearing location to allow the 
wall to deflect as freely as possible during the heating phase. The roller system consisted of 
a 1 %-inch thick steel plate which was welded to the top of the horizontal W 10x26 to provide 
a solid, smooth surface on which the rollers could bear. Three 1 %-inch diameter, stainless 
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steel dowel bars were used for rollers, and were sandwiched between the lower IV2 inch 
roller-bearing plate and another 1 %-inch thick plate directly supporting the concrete panel. A 
neoprene pad was placed between the top roller plate and the panel in order to provide an 
even distribution of the panel bearing weight. An illustration of the typical bearing support 
frame assembly can be seen in Figure 3.2. 
.ANDWICH PANEL 
NEOPRENE PAD 
PANEL BEARING 
PL. 9"x9"x1%" 
0x26 
ROLLER 
ROLLER BEARING 
PL 6"x1-l"x1%" 
Figure 3.2. Typical support frame for full-scale wall panels. 
The end-clamp assembly was constructed using a base beam (W 10x26) with two 
vertical angle members (L4x7xl/2) creating a vertical channel, which surrounded the end of 
the wall panel. The vertical angle members had four holes drilled in each leg at 12-inch 
vertical spacing, so that 3/4-inch diameter all-thread rods, with two nuts each, could be used 
to tighten against the wall to clamp it into place. This assembly was then braced to the 
nearest typical support frame using two 4"x4" steel tubes at the base and a 2%"x2%" angle at 
the top of the vertical angles. This assembly can be seen in Figures 3.3 and 3.4. When 
setting the wall into place, shim plates were used, as necessary, to provide a tight fit between 
the vertical angles and the wall. 
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TYPICAL BEARING 
SUPPORT ERAME ,UPPORT: 
BRACE 
ALL-THREADS WITH 
2 NUTS EACH @ 12" 
O.C., TYP. ALL LEGS 
W10X26 
TS 4"x4"x%" BRACING 
"igure 3.3. Support frame and end-restraint assembly. 
Figure 3.4. Support frame and end-restraint assembly - front and side views 
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3.1.1.2. Thermal Enclosure 
The thermal enclosure was constructed using Symons brand prefabricated concrete 
forms provided by Dayton/Richmond. The inside face of the forms was lined with 
insulation, using 1 %-inch thick closed-cell, extruded polystyrene foam board, lined with a 
layer of reflecting foil insulation. The enclosure was built with a vertical leg, which spanned 
from the floor to the top of the panel, and a horizontal top leg, which spanned from the top 
edge of the panel to the top of the vertical leg of the enclosure. The vertical leg of the 
enclosure was shimmed, using a built-up lumber block which consisted of three 2-by-4 and 
one l-by-6 pieces of lumber. This was done to make the top of the vertical leg level with the 
top edge of the panel and to ensure that the horizontal leg of the enclosure was level. To 
minimize the friction between the horizontal leg of the enclosure and the top edge of the 
panel, a %-inch diameter dowel rod was placed between the two, along the length, to act as a 
roller bearing. A typical cross-section of the thermal enclosure is illustrated in Figure 3.5. 
DOWEL SYMONS FORMS 
SANDWICH PANEL 
1%" THICK FOAM 
INSULATION BOARD 
REFLECTIVE FOIL 
INSULATION 
TYPICAL SUPPORT 
FRAME 
BATTEN TYPE 
INSULATION 
BUILT-UP 2x4 
SHIM 
Figure 3.5. Thermal enclosure - typical section. 
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In order to increase the thermal efficiency of the enclosure, batten type insulation was 
laid on the floor and over the horizontal legs of the bearing supports along the entire length 
of the enclosure. Batten type insulation was also placed in the gaps between the panel and 
the floor, between each bearing support. These locations are also illustrated in Figure 3.5. 
The enclosure spanned the entire length of the panel with an additional six inches of 
free space at each end of the wall to allow for instrumentation and panel displacements. 
Insulation panels, built with the prefabricated forms, were also installed at each end to cap 
off the thermal enclosure. All gaps between the wall and the enclosure were filled with 
batten type insulation to minimize the amount of heat lost during the heating phase. The 
enclosure was set approximately 16 inches from the face of the panel, along the entire length, 
creating approximately 275 cubic feet of air space to be heated during the testing phase. 
Figure 3.6 illustrates plan and elevation views of the thermal enclosure. 
WALL PANEL SUPPORT FRAME 
TYP. 
PLAN 
5'-0"X2'-0" SYMONS FORM, 
TYP. TYP. ©EA. SUPPORT 
FOAM BOARD INSULATION 
FILLER, TYP. @ EA. SUPPORT ELEVATION 
Figure 3.6. Full-scale thermal enclosure - plan and elevation views. 
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3.1.1.3. Heating System 
The wall panel was heated using two 35,000 BTU/HR, forced-air, propane 
construction heaters. One heater was positioned at each end of the thermal enclosure and 
attached to a 20'-0" long duct with a 6-inch diameter, which was used to conduct the heat 
into the enclosure. Heavy stove pipe was used for the first 6'-0" of the duct, to accommodate 
the high temperatures generated by the forced air heater. The remainder of the duct was 
constructed with standard, galvanized sheet metal. In order to more evenly distribute the heat 
within the enclosure, 1/2-inch diameter holes were drilled into the top of the duct at 12-inch 
spacing. The duct was laid along the bottom of the thermal enclosure and supported by the 
horizontal legs of the bearing supports. A 1/4-inch thick cement board was placed between 
the duct and the batten insulation at the support bearing locations to prevent the insulation 
from burning. 
Each heater had the capacity to heat up to 700 cubic feet and generated temperatures 
around 300°F at the mouth of the heater. Therefore, extreme care was taken during the 
heating phase to monitor the heaters and the thermal enclosure for potential smoke and 
burning or melting of any materials. The lab area was also kept well ventilated during the 
testing phase to control the exhaust and fumes created. 
3.1.1.4. Instrumentation 
Prior to testing the panels, all instrumentation had to be installed, organized, and 
wired in to the data acquisition system. All strain gages, with the exception of the concrete 
surface gages were installed during construction of the wall panels. Once the surface gages 
were attached, the wires for all 27 gages in the panel were organized and wired to the 
HP3852 data acquisition system. Wiring was placed along the back face of the panel to 
avoid exposure to the high temperatures inside the thermal enclosure. 
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Temperatures were recorded on both faces of the wall using thermocouples. Three 
thermocouple wires were installed on each face of the wall panel, one at the mid-span and 
one at 2'-0" from each end, all located at the mid-width of the panel. The wires were then 
extended to the outside of the box where temperatures could be recorded using a 
thermocouple reader. 
Displacements were monitored at the mid-width of the wall panel using 23 string-
actuated displacement transducers. Bowing of the wall panel was monitored along each face 
of the wall using displacement transducers at a spacing of 5'-0" (nine on each face). 
Elongation of the panel and end-slip between wythes was monitored by placing displacement 
transducers at each end of the panel. One displacement transducer was used at the solid end 
of the panel, placed at the center of the panel thickness, to monitor any elongation in the 
direction of the clamped end. Four displacement transducers were used at the free end of the 
panel, located at the face of each concrete wythe, to monitor elongation in the direction of the 
free end and to monitor end-slip between the wythes. See Figures 3.7 and 3.8 for 
illustrations of the displacement transducer locations. 
(22 
(F 
(20 
PLAN 
5-0" / 5-0" / 5-0" / 5 
M M-
ELEVATION 
X = TRANSDUCER LOCATION 
5-0" x 5'-0" x 5'-0" y 4'-
X) = TRANSDUCER LABEL 
Figure 3.7. Displacement transducer locations on full-scale wall panels. 
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Figure 3.8. Displacement transducer locations at ends of 
full-scale wall panel. 
In order to provide displacement measurements at the mid-width of the wall panel, 
separate stands were constructed for fastening the displacement transducers. The stands were 
constructed with 2x4's and were built to support three displacement transducers per stand. 
The displacement transducers were attached to each stand so that displacements were 
measured perpendicular to the panel face. Each stand was then weighted down with steel 
plates to provide stability and avoid tipping once all of the strings were attached to the wall 
panel. String extensions were also used so that the displacement transducers on the heated 
face of the wall could be set outside of the thermal enclosure to avoid exposure to high 
temperatures. This placement required that holes be drilled through the thermal enclosure to 
allow free movement of the string during the heating phase. Figure 3.9 illustrates a typical 
section of the test setup with string-actuated displacement transducers in place. 
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TYPICAL SUPPORT 
FRAME 
THERMAL ENCLOSURE 
HOOK ATTACHMENT, TYP. 
TRING EXTENSION, TYP. 
.ANDWICH PANEL 
TRANSDUCER, TYP. 
TRANSDUCER SUPPORT 
FRAME, TYP. 
Figure 3.9. Typical section of full-scale thermal test setup including string-actuated 
displacement transducers. 
After all displacement transducers were in place and connected, electronic wires were 
attached to each and wired into the HP3853 data acquisition system. Figures 3.10 and 3.11 
show photos of the full-scale thermal test setup for Wall Panel 1. 
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Figure 3.10. Full-scale wall panel - thermal test setup (free end/front face) 
Figure 3.11. Full-scale wall panel - thermal test setup (restrained end/back face). 
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3.1.2. Procedure 
3.1.2.1. Heating 
The heating process commenced after the test setup was complete and the operation 
of all strain gages and transducers was verified using "Instrument Basic for Windows" 
computer software. The lab doors were then opened to provide ventilation and to keep the 
ambient temperature relatively low by providing circulation of the outside air, and initial 
temperature readings were manually recorded at all thermocouple locations. Once this 
process was complete the computer program for data acquisition commenced and the forced-
air construction heaters were ignited. 
Heat was applied to the thermal enclosure until the wall panels reached a temperature 
differential of 100°F between the interior thermocouple embedded in the back face of the 
curtain wythe and the exterior thermocouple fastened to the outside face of the structural 
wythe at the mid-span location of the panel. The same temperature differential was also 
required between the interior thermocouples fastened to the front face of the curtain wythe 
and the exterior thermocouples fastened to the back face of the structural wythe at the two 
end-span locations of the panel. Once the 100°F temperature differential was achieved at all 
three panel locations, the heaters were shut off and panels were allowed to cool back to a 
temperature gradient of 0°F at which point the test was complete. 
3.1.2.2. Testing and Data Collection 
Data collection for the full-scale thermal test was done using the HP3852 data 
acquisition system with the "Instrument Basic for Windows" computer software for all strain 
gages and transducers. Measurements of strain and displacement were recorded every 15 
minutes throughout the duration of the test. This data was time stamped by the computer 
software, so that it could be easily coordinated with the temperature data, which was 
recorded manually. Manual temperature readings were recorded using a digital 
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thermocouple reading device. Temperatures were recorded every 15 minutes during the 
heating phase of the test, but once the cooling phase began, they were only recorded 
periodically due to the lengthy duration of this phase. The heating phase of the testing 
process lasted approximately five hours for each wall panel and the subsequent cooling phase 
typically lasted about 19 hours, resulting in total test duration of approximately 24 hours for 
each wall panel. 
3.2. Elemental Fatigue Test 
3.2.1. Setup 
The elemental fatigue tests were performed in Iowa State University Structures 
Laboratory I using an MTS 810 Fatigue Frame with "TestStar II M" controller and 
accompanying software. The specimens were fastened to the test frame using a custom-made 
bracket, supplied by Dayton/Richmond, on the top and a custom-made table, fabricated in the 
Iowa State University Structures Laboratory, on the bottom. The top bracket was attached to 
the specimen using the %-inch diameter bolts and the cast-in coil inserts. This bracket was 
also used for lifting and moving the specimen via an overhead crane. The bottom table was 
set into the test frame, leveled and clamped into place using the bottom set of grips on the 
test machine. The specimen, with top bracket, was then lifted into place and set on the table 
so that the four cast-in, coil inserts along the bottom of the specimen aligned with the 
oversized holes cut into the custom-made table. Once the specimen was in proper alignment 
in the test frame, the top bracket was clamped by the top set of grips on the test machine. 
The bottom of the specimen was then bolted to the table using the %-inch diameter bolts, 
plate washers, and the cast-in coil inserts. All bolts were tightened with a wrench until the 
specimen was firmly held in place. Figure 3.12 illustrates the mounting assembly for the 
elemental test specimens. 
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Figure 3.12. Mounting assembly for elemental test specimens. 
Once the specimen was securely mounted into the test frame all pressure was relieved 
from the hydraulic rams to ensure that the specimen was experiencing zero load. The 
displacement instrumentation was then initialized, defining the starting position. A 
photograph of an elemental specimen mounted in the fatigue test frame can be seen in Figure 
Figure 3.13. Elemental specimen mounted in fatigue test frame. 
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3.2.2. Procedure 
3.2.2.1. Cyclic Loading 
To verify that the previously described test setup would properly function in the 
custom-made fatigue test frame, a pilot specimen was constructed and tested prior to testing 
the six specimens outlined in the scope of the project. Utilization of a pilot specimen was 
also useful for determining the proper data acquisition procedures for the cyclic fatigue test. 
After the pilot specimen was tested, the data was analyzed, Dayton/Richmond personnel 
were consulted, and the decision was made to increase each of the cyclic displacements by a 
factor of two for the remaining six specimens. The first specimen tested at these increased 
displacements (specimen "Par2") yielded abnormal results, so after further consultation with 
Dayton/Richmond personnel the decision was made to revert back to the original cyclic 
displacements as outlined in the project scope, with the addition of a fourth stage of 4000 
cycles at ± 1/4-inch displacement. The revised cyclic testing matrix can be seen in Table 3.1. 
Table 3.1. Revised matrix of cyclic testing for elemental fatigue specimens. 
Specimen 
Cycles 
1 -
4000 
4001 -
8000 
8001 -
12000 
12001 -
16000 
Monotonie 
(16001) 
Displacements (in.) 
Pa
ra
lle
l 
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e 
O
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n 
Pilot ±1/16 ±3/32 ±1/8 
— 
Maximum (+) 
to Failure 
Pa
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l 
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e 
O
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n 
Pari ±1/16 ±3/32 ±1/8 ±1/4 Maximum (+) 
to Failure 
Pa
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l 
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e 
O
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n 
Par 2 ±1/8 ±3/16 ±1/4 — Maximum (+) to Failure P
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al
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l 
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e 
O
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n 
Par 3 ±1/16 ±3/32 ±1/8 ±1/4 Maximum (+) to Failure 
Pe
rp
en
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r 
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e 
O
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ta
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n Perpl ±1/16 ±3/32 ±1/8 ±1/4 Maximum (+) 
to Failure 
Pe
rp
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r 
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O
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n 
Perp2 ±1/16 ±3/32 ±1/8 ±1/4 Maximum (+) 
to Failure 
Pe
rp
en
di
cu
la
r 
Ti
e 
O
ri
en
ta
tio
n 
Perp3 ±1/16 ±3/32 ±1/8 ±1/4 Maximum (+) 
to Failure 
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The cycling speed for this test procedure was approximately one cycle per second, 
resulting in a test duration of approximately five hours. An additional revision to the testing 
procedure for the remaining five specimens, was to perform the first cycle of each stage at a 
slower rate of displacement. Instead of one cycle per second, the first cycle of each stage 
was set for 60 seconds. This minimized the abrupt or impact forces that the tie might have 
experienced during the initial displacement of each stage. The quantity of data was also 
increased with these slower cycles, allowing any abnormal behavior in the tie to be more 
accurately determined from the data output. 
The final stage of the fatigue test consisted of the monotonie loading to maximum 
displacement at failure of the Delta Tie. To ensure failure in the tie, the final displacement 
was increased to two inches at a rate of one inch per 30 seconds. This displacement was 
applied in one direction only, and after the final displacement was reached, the specimen was 
returned to zero displacement and the test was stopped. 
3.2.2.2. Data Collection 
Three different types of data were collected during the cyclic fatigue tests, including 
force versus displacement, strains in the Delta Ties (selected specimens only), and visual 
inspection. These methods of data collection are described in the following paragraphs. 
Force vs. Displacement 
The force-displacement data for the cyclic fatigue loading were collected by the 
software provided with the fatigue testing machine. The software was set to record 40 data 
points per second, which roughly equated to 40 data points per cycle, with the exception of 
the first cycle of each stage, which was 60 seconds long; and therefore, resulted in nearly 
2400 data points. Data was collected in this manner in order to plot the hysteretic response 
of the Delta Tie through each cycle. In order to reduce the total amount of data collected 
through the duration of the test, a logarithmic pattern was utilized. This logarithmic scale 
was set up to collect data at the following intervals: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, 50, 
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60,70,80,90,100,200,300,400,500,600 700,800,900, 1000,2000,3000,4000. Each 
interval, with the exception of intervals 1-9, included data for five displacement cycles, 
resulting in approximately 200 data points collected per interval. 
The software provided with the fatigue testing machine was also used to record the 
force-displacement data for the final monotonie cycle. As previously mentioned, the 
displacement was increased to two inches at a rate of approximately one inch per 30 seconds. 
During this cycle, data was recorded at a rate of approximately 10 data points per second, 
resulting in approximately 600 data points for the cycle. 
Strains 
Strains were monitored in the Delta Ties for the selected specimens (Pari, Par3, 
Perpl, and Perp3). Data were recorded using the Megadac 5108 data acquisition system. 
Periodic readings were manually prompted during each test to record strains at critical 
moments during the cyclic testing. Most strain gages were only valid for the first stage of 
fatigue loading as they were either damaged due to the cyclic displacements or the bond 
between the gage and the Delta Tie was lost after the tie experienced damage. See Appendix 
D for additional strain recording information. 
Visual Inspection 
Visual observation of the Delta Tie was achieved during cyclic testing by cutting a 
portion of the insulation board out of one side of the specimen so that the Delta Tie was 
visible. The tie was observed for visible signs of fracture and to determine which members 
of the truss configuration were in-tact during the testing process. 
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4. TEST RESULTS 
4.1. Full-scale Thermal Test 
4.1.1. Temperature Gradients 
Temperature gradients were calculated for each wall panel using the previously 
mentioned manual temperature recordings. Individual temperature gradients were calculated 
at each of the three monitored locations (free end, mid-span, and restrained end). The 
gradients at the free end and the restrained end were calculated by subtracting the 
temperatures recorded on the cold surface from the temperatures recorded on the hot surface. 
The gradients at the mid-span were calculated by subtracting the temperatures recorded on 
the cold surface from an average of the temperatures recorded on the hot surface and the 
embedded location, at the interior surface of the curtain wythe. An average temperature 
between the embedded location and the hot surface was used at the mid-span in order to 
ensure that the wall panel had been exposed to the elevated temperature for a duration long 
enough to allow the curtain wythe to absorb the heat. Also, the recorded surface 
temperatures at mid-span had a tendency to be higher than the recorded temperatures at the 
ends of the wall panel, because of a concentration of hot air being forced to the middle of the 
thermal enclosure from both ends. Therefore, averaging the temperatures recorded from the 
surface and embedment thermocouples at mid-span served as a means for obtaining a 
temperature more representative of what the wall panel was actually experiencing. The 
temperature gradients at the three recorded locations along the wall panel were then 
combined to determine a final, average temperature gradient for the entire wall. Figures 4.1 
- 4.3 show plots of the temperature gradients calculated throughout the testing phases of 
Wall Panels 1, 2, and 3, respectively. 
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Wall Panel 1 
Temperature Gradients vs. Time 
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Figure 4.1. Wall Panel 1 - temperature gradients vs. time. 
Wall Panel 2 
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Figure 4.2. Wall Panel 2 - temperature gradient vs. time. 
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Wall Panel 3 
Temperature Gradient vs. Time 
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Figure 4.3. Wall Panel 3 - temperature gradient vs. time. 
The average temperature gradients calculated for each wall panel were correlated to 
the strain and displacement data points recorded during the testing phase. In order to 
illustrate the trend of the data during each test, observations were made at the following 
temperature gradient intervals (AT): 0°F, 20°F, 40°F, 60°F, 80°F, 100°F, and 110°F. Each 
interval was associated with corresponding data points for displacements and strains based on 
the time stamps used during the data collection. In cases where the average temperature 
interval did not correspond to an exact strain and displacement data point, an average of the 
data points immediately above and below the given interval was used to determine the strain 
and displacement values corresponding to the desired interval. Table 4.1 lists the data points 
corresponding to the desired intervals of temperature gradient for each wall panel. See 
Appendix C for original temperature recordings and temperature gradient calculations. 
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Table 4.1. Temperature gradient intervals and corresponding data points. 
AT Data Point Wall Panel 1 Wall Panel 2 Wall Panel 3 
0 1 1 1 
20 2 2 2 
40 4 19 4.51 
60 6.51 25 7.51 
80 9.51 34 11 
100 13 49 16 
110 15 56 20 
1 Indicates the use of average values 'or the corresponding data point. 
4.1.2. Displacements 
Displacements recorded during the full-scale thermal tests were divided into two 
categories, bowing and wythe-slip. Both types of displacement were recorded to determine 
the deflected shape and curvature of the wall panels along with the differential displacement 
between the curtain wythe and the structural wythe. This information was used to quantify 
the amount of in-plane shear force and the magnitude of displacement experienced by the 
Delta Ties and to quantify the composite action of the wall panels. Observation and 
discussion of the wall panel displacements correspond to the temperature gradient intervals 
and data points listed in the previous section. 
4.1.2.1. Bowing 
Bowing displacements were measured at nine locations, with a spacing of 5'-0", 
along the centerline of the wall panel. Measurements were recorded on both the structural 
and curtain wythes. Additional displacement data for the structural and curtain wythes can 
be found in Appendix D. Typically, the displacements recorded on the structural wythe were 
less than the displacements recorded on the curtain wythe. Table 4.2 lists the displacement 
differentials for each wall panel at AT =100°F. 
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Table 4.2. Displacement differentials at AT = 100°F. 
W
al
l 
Pa
ne
l Displacement Differential1 (in.) 
W
al
l 
Pa
ne
l 
Distance from Free End (ft W
al
l 
Pa
ne
l 
0 5 10 15 20 25 30 35 40 
1 0.112 -0.022 -0.025 -0.025 -0.025 -0.019 -0.022 -0.027 -0.019 
2 0 048 -0.021 -0.029 -0 009 -0.027 -0.023 -0.044 0.033 0 067 
3 0.350 -0.017 -0.020 0.023 -0.072 -0.017 -0.035 0.010 -0.025 
Values calculated by subtracting the magnitude of structural wythe displacements from the 
magnitude of curtain wythe displacements. 
Several factors may have contributed to displacement differentials between wythes, 
such as, thermal elongation of the stainless steel extension wires used with the displacement 
transducers on the heated face of the wall panel, separation of wythes, and/or instrument 
error. 
Separation of wythes would have occurred due to the difference in stiffness between 
the two wythes. Since the wall was theoretically not 100% composite, the two wythes would 
not necessarily experience the same displacements along the length of the wall, particularly 
at locations between Delta Ties. The displacements between wythes would theoretically be 
the same at the Delta Tie locations because of the mechanical connection created by the tie; 
however, in the spaces between Delta Ties the only connection between wythes was from the 
chemical bond between the concrete and insulation layer. Depending on the strength of the 
chemical bond and the stiffness of the curtain wythe, the curtain wythe could have potentially 
experienced increased displacements between the delta ties, creating a wave-like effect in the 
curtain wythe. Unfortunately, the separation of wythes was difficult to quantify given the 
data collected. More frequent displacement measurements would have been required along 
the length of the panel in order to more accurately determine the deflected shape of each 
wythe. Therefore, no contributions due to wythe separation were included in the final wall 
panel displacement calculations. 
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Thermal elongation of the stainless steel extension wires used with the displacement 
transducers on the heated surface of the wall panel, were quantified using Equation 4.1. [16] 
AL = ocLAT Equation 4.1 
Where, 
AL = Elongation (in.) 
a = Coefficient of Thermal Expansion (in./in. °F) 
L = Length (in.) 
AT = Temperature Change (°F) 
Using a coefficient of thermal expansion equal to 0.0000096 in./in. °F [17] and a length of 24 
inches for the stainless steel extension wires, an elongation of 0.0230 inches was calculated 
at a temperature change of 100°F. This value is the same order of magnitude as several of 
the differential displacement values calculated in Table 4.2. 
Considering the thermal elongation value of the extension wires and the other 
potential sources of error between the displacements of the curtain and structural wythes, 
values of average displacement between the two wythes were calculated and used to 
determine the deflected shapes of the wall panels. Figures 4.4 - 4.6 show plots of the 
deflected shapes of the wall panels based on the calculated average displacements between 
wythes. Locations A, B, and C are displayed on each plot as reference points for where 
strains were monitored in the wall panel. 
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Wall Panel 1 
Average Displacements 
| • Delta-T = 0 • Delta-T = 20 Delta-T = 40 x Delta-T = 60 x Delta-T = 80 # Delta-T = 100 I Delta-T = 110 | 
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1.00 
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0.50 
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Q 
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-0.50 
25 30 35 40 
Distance (feet) 
Figure 4.4. Wall Panel 1 - average displacements. 
Wall Panel 2 
Average Displacements 
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Figure 4.5. Wall Panel 2 - average displacements. 
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Wall Panel 3 
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Figure 4.6. Wall Panel 3 - average displacements. 
Based on the scope of the project, the displacements at AT=100°F will be observed 
for the evaluation of Delta Tie performance. Table 4.3 lists the average displacements 
calculated at each measurement location along the wall panels and Figure 4.7 shows a plot of 
the deflected shapes of each wall panel based on the average displacements at AT = 100°F. 
See Appendix D for a complete summary of displacement results. 
Table 4.3. Average wall panel displacements at AT = 100°F. 
W
al
l 
Pa
ne
l Average Wall Panel Displacements @ AT = 100 ° F 
W
al
l 
Pa
ne
l 
Distance from Free End (ft W
al
l 
Pa
ne
l 
0 5 10 15 20 25 30 35 40 
1 0.852 0.445 0 169 -0.045 -0.196 -0.249 -0.225 -0.129 0.004 
2 0.402 0 065 -0.180 -0.365 -0.477 -0.510 -0.413 -0.236 0 048 
3 2.255 0.412 -0 831 -1.690 -2.184 -2.239 -1.879 -1.125 -0.074 
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Wall Panel Displacement Comparisons 
AT = 100 
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Figure 4.7. Average wall panel displacement comparisons at AT = 100°F. 
Interpretation of the wall panel displacement data was performed graphically using 
AutoCAD software. [18] The deflected shapes of each wall panel were plotted, to-scale, 
using the displacement data recorded at AT = 100°F. Each data point was then connected 
using a straight line, resulting in a plot similar to the deflected shapes shown in Figure 4.7. 
These plotted shapes were then rotated so that each end of the wall panel was parallel to the 
horizontal plane. From this position, the net displacements at each measurement location 
were graphically determined using the AutoCAD dimensioning features. Using the 
AutoCAD "Arc" command, a curve was also fit between the data points and used to 
determine the radius of curvature for the deflected shape. Figures 4.8 - 4.10 show the 
graphically adjusted average displacements for each wall panel at AT = 100°F and Figure 
4.11 illustrates a comparison of the adjusted average displacements for all three wall panels 
at AT = 100°F. 
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RESTRAINED 
END 
0.000 
0.301 0.441 0.472' 0.572' 0.580' 
WALL PANEL 1 
Figure 4.8. Wall Panel 1 - adjusted average wall displacements at AT = 100°F. 
FREE 
END 
RESTRAINED 
END 
0.000" 5 -0 '  5 '  — 0 '  5 - 0 '  5 -0 '  5 -0 '  5 -0 '  5 -0 '  5 -0 '  
0.293' 0.550' 10.494' 0.691 0.702' 
WALL PANEL 2 
Figure 4.9. Wall Panel 2 - adjusted average wall displacements at AT = 100°F. 
RESTRAINED 
END 
0.000' 
WALL PANEL 3 
Figure 4.10. Wall Panel 3 - adjusted average wall displacements at AT = 100°F. 
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RESTRAINED 
END 
WALL  PANEL  1  WALL  PANEL  2  WALL  PANEL  3  
Au** = MAXIMUM DISPLACEMENT p= RADIUS OF CURVATURE 
Figure 4.11. Adjusted average displacement comparisons at AT = 100°F. 
Observation of the deflected shapes of the wall panels based on the graphically 
adjusted displacements indicated that the maximum displacements occurred near the mid-
span of the wall panels and that the deflected shapes were nearly symmetric. Table 4.4 lists 
the radius of curvature and the maximum displacement for each wall panel, as computed by 
graphic analysis. Also listed in Table 4.4 are some common deflection limits required by 
building design codes (L/360 and L/480) for comparison purposes only. 
Table 4.4. Maximum average displacements and radii of curvature at AT = 100°F. 
Wall Panel 
Radius of 
Curvature 
(ft) 
Maximum 
Displacement 
(in.) 
L/360 
(in.) 
L/480 
(in.) 
1 3842.5 0 625 
1.333 1.000 2 3419.1 0.702 
3 715.1 1357 
The radius of curvature determined in each wall panel was used to calculate an 
equivalent applied moment that would result in the same maximum displacements caused by 
the temperature gradient. The equivalent applied moments were used to verify load capacity 
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and composite action exhibited by the wall panels in comparison to results obtained from 
theoretical analysis which will be discussed in Chapter 5. Equation 4.2 was used to calculate 
the equivalent applied moment and is illustrated by Figure 4.12. [16] 
M = — Equation 4.2 
P 
Where, 
M = Moment (kip-in.) 
E = Modulus of Elasticity (ksi) 
/ = Moment of Inertia (in.4) 
c = Distance from neutral axis to extreme fiber (in.) 
p = Radius of Curvature (in.) 
L = Length of Wall Panel (in.) 
5 = Total elongation (in.) 
M 
Figure 4.12. Radius of curvature. 
Equivalent applied moments were calculated, based on fully-composite behavior, for each 
wall panel at AT = 100°F and are listed in Table 4.5. 
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Table 4.5. Equivalent applied moments at AT = 100°F. 
Wall Panel Ec (ksi) 
I 
(in.4) 
P 
(ft) 
M 
(kip-in.) 
1 4479.4 4858 3842.5 472 
2 4392 8 4858 3419.1 520 
3 4778 9 832 715.1 463 
The modulus of elasticity of concrete was calculated for the individual wythes in each 
wall panel using Equation 4.3 [14] and the actual compressive strength of the concrete as 
listed in Appendix A. 
Where, 
Ec 
wc 
f 'c 
E C = W C 5 ^ F C ( P S I )  
Modulus of Elasticity of concrete (psi) 
Unit weight of plain concrete (145 lbs/ft3) 
Actual concrete compressive strength (psi) 
Equation 4.3 
To account for the discrepancies in the moduli! of elasticity between the curtain wythe and 
structural wythe in each wall panel, a composite modulus of elasticity of concrete was 
calculated using the rule of mixtures defined by Equation 4.4. 
Where, 
Ec 
ECW 
Esw 
ACW 
•A-SW 
At 
/•; = /•; 
R A „  ^  
+ E„ Equation 4.4 
Modulus of Elasticity of concrete for composite section (ksi) 
Modulus of Elasticity of the curtain wythe (ksi) 
Modulus of Elasticity of the structural wythe (ksi) 
Cross-sectional area of curtain wythe (in.2) 
Cross-sectional area of structural wythe (in.2) 
Total cross-sectional area of the wall panel (in.2) 
Complete calculations for the section properties and physical properties of the wall panels 
can be found in Appendix E. 
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4.1.2.2. Edge Displacements 
Displacements along the free edge of the wall panel were monitored to determine the 
differential displacement of the structural wythe with respect to the curtain wythe, referred to 
as "wythe-slip". These displacements were measured to determine whether or not the bond 
between the concrete wythes and the insulation layer was broken during the thermal testing 
and to quantify the amount of in-plane shear experienced by the Delta Ties. Figure 4.13 
illustrates wythe-slip displacement, which is denoted by "Aw". 
Structural Wythe 
Insulation Layer 
Curtain Wythe 
Figure 4.13. Illustration of wythe-slip displacement, Aw. 
In order to more accurately determine the elongation of the wall panels and the 
differential wythe-slip displacements AutoCAD software [18] was used to graphically 
analyze and geometrically modify the raw data recorded from the displacement transducers. 
The graphical analysis was done to account for the rotation at the free end of the wall panels 
and discrepancies that may have been introduced to the data due to the utilization of wire 
extensions with the displacement transducers. As the free end of the wall panel rotated, due 
to the bowing effect, the string extensions were no longer measuring displacements 
perpendicular to the edge of the wall panel. Also, rotation of the free end of the wall panel 
may have caused interference between the string extensions and the thermal enclosure. Both 
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of these items introduced potential geometric inaccuracies in the recorded data, therefore 
were graphically adjusted using basic geometric principles. Figure 4.14 gives a general 
illustration of the geometric inaccuracies introduced at the end of the wall panels. 
Lew 
Structural Wythe 
Insulation Layer Stainless Steel 
Extension Wires Displacement 
Transducers 
Curtain Wythe 
Original Position 
Deflected Shape 
Figure 4.14. Geometric adjustments at free end of wall panels. 
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The recorded displacements at the exterior faces of the curtain and structural wythes 
were adjusted to account for panel rotation. Assuming small angles and small displacements, 
the measured displacements along the face of each wythe (Ac and As) and the length of the 
extension wires at the edge of the panel (Lew) were used to quantify the elongation of the 
extension wire introduced by panel rotation (ALew) using the Pythagorean Theorem. The 
elongation of the extension wire calculated for the exterior face of each wythe was then used 
to determine an adjusted edge displacement based on Equations 4.4 and 4.5 for the curtain 
and structural wythes respectively. 
Curtain Wythe: AV = AL + ALew Equation 4.5 
Structural Wythe: AV = AL- ALew Equation 4.6 
Where, 
AL' = Adjusted Edge Displacement (in.) 
AL Recorded Edge Displacement (in.) 
ALEW Elongation of Extension Wire due to rotation (in.) 
Ac = Recorded Displacement at face of Curtain Wythe(in ) 
As Recorded Displacement at face of Structural Wythe (in.) 
LEW Length of Extension Wire (in.) 
The adjusted edge displacements calculated for the exterior face of each wythe were 
translated to the interior face of each wythe based on the assumption that plane sections 
remain plane during bending of concrete. Based on the radius of curvature (p), length of the 
wall panel (L), and the thickness of the wythe (t) the change in displacement from the 
exterior face to the interior face for each wythe (At) was calculated based on Equation 4.7 
and the geometry illustrated in Figure 4.15. 
_  t { L / 2 )  
P 
Equation 4.7 
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L/2 
Concrete Wythe 
"igure 4.15. Single wythe geometric adjustments at free 
end of wall panels. 
Where, 
= Change in Displacement from exterior face of wythe to interior 
face of wythe (in.) 
L/2 = Half of the Wall Panel Length (ft) 
P Radius of Curvature of Wall Panel (ft) 
t = Thickness of Wythe (in.) 
a = Angle of End Panel Rotation (degrees) 
Based on the change in displacement between the exterior face and interior face of each 
wythe and the adjusted edge displacements for the exterior face of each wythe, Equations 4.8 
and 4.9 were used to calculate the adjusted edge displacements at the interior face of the 
curtain and structural wythes, respectively. 
Curtain Wythe: 
Structural Wythe: 
A L ' = A L  +  M  
AZ'= 
Equation 4.8 
Equation 4.9 
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Using AutoCAD software, [18] the adjusted edge displacements for the face of each 
wythe were plotted, to-scale, for the data at AT = 100°F. The wythe-slip was graphically 
determined from these plots using AutoCAD dimensioning features. Table 4.6 lists the 
adjusted wythe-slip displacements determined at AT = 100°F based on the previously 
discussed adjustments. An important note is that these adjustments do not necessarily 
account for all errors in the recorded data. Error may still exist in these wythe-slip values, 
however, the inclusion of any additional error would result in a less conservative estimate for 
the maximum wythe-slip. Therefore, the more conservative estimates of wythe-slip are listed 
in this report. See Appendix D for additional end-slip displacement data. 
Table 4.6. Adjusted wythe-slip displacements at AT = 100°F. 
Wythe-slip, Aw (in.) 
Wall Panel 1 0 0280 
Wall Panel 2 0.0501 
Wall Panel 3 0 0875 
4.1.3. Strains 
4.1.3.1. Concrete Strains 
Strains were recorded at the surfaces of each concrete wythe of the wall panels at 
Locations A, B, and C, as discussed in Chapter 3. These measurements were used to 
determine composite action in the wall panels and to verify the moments and stresses induced 
in the wall due to the temperature gradient across the wall thickness. Figures 4.16 and 4.17 
show plots of the strain gradients across the wall panel for Wall Panels 1 and 3, respectively, 
at AT = 100°F. Data for Wall Panel 2 were not obtained for the concrete surface strain gages 
due to an error in the data acquisition program; therefore, a plot of this data is not shown. A 
summary of the concrete strain data for each wall panel can be found in Appendix F. 
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Figure 4.16. Wall Panel 1 - concrete strain gradients at AT = 100°F. 
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Figure 4.17. Wall Panel 3 - concrete strain gradients at AT = 100°F. 
65 
4.1.3.2. Delta Tie Strains 
Strains were monitored and recorded in selected Delta Ties as discussed in Chapter 2. 
These strains were used to identify the load path in the Delta Tie during the transfer of shear 
loads between the two wythes and any potential stress concentrations in the Delta Tie. 
Strains recorded at AT = 100°F were tabulated and diagramed in the following tables and 
figures. Figures 4.18 - 4.20 diagram the recorded strain locations and the typical direction of 
strain for Delta Ties at Locations "A", "B", and "C", respectively, in each wall panel. Tables 
4.7 - 4.9 list the recorded strains for AT = 100°F at Locations "A", "B", and "C", 
respectively, in each wall panel. Although the typical directions of strain are indicated in 
Figures 4.18 - 4.20, they do not necessarily indicate the direction of strain for all cases. The 
values listed in Tables 4.7 - 4.9 should be used to identify the direction of strain for each 
individual case, with positive strain values indicating tension and negative strain values 
indicating compression. See Appendix F for additional strain information. 
Structural Wythe 
Curtain Wythe 
(Heated Surface) 
DELTA TIE "A" 
Figure 4.18. Delta Tie strains at Location "A': 
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able 4.7. Wall panel Delta Tie strains at AT = 100°F - Location "A". 
Location "A" Strain (microstrain)1 
A1 A2 A3 A4-1 A4-3 
Wall Panel 1 2621 257 -2619 5519 -2731 
Wall Panel 22 2891 -1129 -3784 ———— -4734 
Wall Panel 32 -987 432 1719 -1369 360 
^Positive strain values indicate tension and negative strain values indicate compression. 
2The arrows on Figure 4.18 indicate the direction of strain for Wall Panel 1 
therefore may not be consistent with Wall Panels 2 & 3. 
Structural Wythe 
Curtain Wythe 
(Heated Surface) 
DELTA TIE "B" 
Figure 4.19. Delta Tie strains at Location "B". 
able 4.8. Wall panel Delta Tie strains at AT = 100°F - Location "B". 
Location "B" Strain (microstrain)1 
B1 B2 B3 B4-1 B4-3 
Wall Panel 1 1066 140 -712 1321 -1283 
Wall Panel 22 2407 -281 -2753 3928 -2331 
Wall Panel 32 439 722 296 440 494 
Positive strain values indicate tension and negative strain values indicate compression. 
2The arrows on Figure 4.19 indicate the direction of strain for Wall Panel 1 
therefore may not be consistent with Wall Panels 2 & 3. 
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Structural Wythe 
CM 
Curtain Wythe 
(Heated Surface) 
DELTA TIE "C" 
Figure 4.20. Delta Tie strains at Location "C". 
Table 4.9. Wall panel Delta Tie strains at AT = 100°F - Location "C". 
Location "C" Strain (microstrain)1 
C1 C2 C3 C4-1 C4-3 
Wall Panel 1 -727 491 1048 -1675 -129 
Wall Panel 22 96 396 1001 558 1337 
Wall Panel 32 1088 309 424 1048 702 
^Positive strain values indicate tension and negative strain values indicate compression. 
2The arrows on Figure 4.20 indicate the direction of strain for Wall Panel 1 
therefore may not be consistent with Wall Panels 2 & 3. 
4.1.4. Visual Observation 
Visual observation of the wall panels was also performed after the completion of each 
thermal test in order to better determine the behavior of the wall panel. Immediately 
following the test, no significant evidence was observed to confirm that the bond between the 
insulation wythe and the concrete wythes had been broken. During the demolition of the 
wall panels, the insulation was observed to have a solid bond to the concrete wythes, again 
displaying no evidence that the bond had been broken. 
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Additional visual observation was made of the Delta Tie at Location A in Wall Panels 
1 and 3. After completion of the thermal test insulation was cut from between the two 
concrete wythes, at the free end, along the top edge of the wall panel, to observe the 
condition of the Delta Ties at this location. While removing the insulation, the bond between 
insulation and concrete was again observed to be unbroken, as the insulation had to be 
physically cut and pried away from the concrete. No visual cracking or damage was 
observed in the exposed Delta Ties and the ties appeared to be fully intact. These ties, 
however, could only be observed from the top and contained strain gages which were 
covered by foil tape; therefore, the tie could not be observed in its entirety. Figures 4.21 and 
4.22 show photos of the Delta Ties in Wall Panels 1 and 3, respectively, after completion of 
the thermal test. See Figure 2.12 for Delta Tie locations in the wall panels. 
Strain Gage Wire 
Figure 4.21. 
Strain Gage/Foil Tape Guftàin Wythe 
Wall Panel 1 - Delta Tie 1A visual observation. 
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Structural Wythe 
Delta Tie 
Insulation Strain Gage Wire 
Curtain Wythe 
Figure 4.22. Wall Panel 3 - Delta Tie 3 A visual observation. 
4.2. Elemental Fatigue Test 
4.2.1. Load vs. Displacement 
Load vs. displacement data was recorded for each of the elemental fatigue specimens 
in accordance with the previously discussed cyclic loading test procedure. Several plots were 
created to display the results of this data including peak loads per cycle, hysteretic response 
of the Delta Ties, and load vs. displacement for static loading to failure. 
The plot of peak loads per cycle displays the peak compressive and tensile loads 
recorded for the specimen at the maximum and minimum displacements applied during each 
cycle of the test. These plots illustrate the decrease in load capacity of the Delta Ties as the 
number of cycles increased and the tie experienced fatigue and/or failure. 
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Due to the large amount of data compiled during the cyclic fatigue test, selected plots 
were created to illustrate the hysteretic responses of the Delta Ties during each stage of 
loading. Full plots are shown for the first five cycles of each test specimen, while general 
plots are shown to illustrate the trend of the hysteretic responses for the remaining cycles of 
each test specimen. The general plots are also accompanied by tables listing the critical loads 
and displacements. 
Where applicable, plots are included to illustrate a final static loading on the Delta 
Ties until ultimate failure. These plots show the load vs. deflection data for the specimens 
during the final monotonie loading stage of each test. Plots are only included for the 
specimens with parallel tie orientation because the specimens with perpendicular tie 
orientation all experienced tie failure prior to reaching the final static loading stage. See 
Appendix G for additional load vs. displacement data. 
4.2.1.1. Parallel Tie Orientation 
Peak load per cycle plots are shown in Figures 4.23 - 4.25 for specimens Parallel 1, 
Parallel 2, and Parallel 3, respectively. All three specimens exhibited similar trends 
including increased loads at the start of each incremental increase in displacement with a 
constant reduction in load throughout each displacement stage. An important item of note is 
that specimen Parallel 2 was tested at a different cyclic rate and magnitude of displacements 
than specimens Parallel 1 and Parallel 3. These differences may contribute to the 
discrepancies in peak loads between the three specimens, especially the maximum peak loads 
recorded during the first cycle of each test. 
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"Parallel 1" 
8000 
Cycle 
Cyclic Fatigue Loading Cycles D (in.) 
Peak Loads per Cycle 0-4000 ±1/16 
4001-8000 ±3/32 
8001-12000 ±1/8 
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-1740.1 
-4427.9 
Figure 4.23. Parallel 1 - peak loads per cycle. 
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"Parallel 2" 
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4000-8000 ±3/16 
8000-12000 ±1/4 
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6094 * 711.2 k 548 3 
-625.9 
-3682.0 
Figure 4.24. Parallel 2 - peak loads per cycle. 
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1275.2 
V 1950 J383.6 228.5 
1595.0 
-1023.4 
-5758.5 
8000 
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Figure 4.25. Parallel 3 - peak loads per cycle 
The hysteretic responses for the first five cycles of specimens Parallel 1, Parallel 2, 
and Parallel 3 are shown in Figures 4.26 - 4.28, respectively. Several locations (1/4 Peak, 
1/2 Peak, Potential Fracture, and Peak) were marked along the first cycle of displacement as 
reference points for comparison to analytical results and discussion purposes. Specimen 
Parallel 2 was tested at a different magnitude of displacement and cyclic rate so the results of 
this test were not consistent with the results from specimens Parallel 1 and 3. The "Potential 
Fracture" locations shown in the plots were determined by a sudden decrease in the slope of 
the load vs. displacement curve in the first cycle of specimens Parallel 1 and Parallel 3, 
which occurred at approximately the same value of displacement (0.043 inches) for both 
specimens. The plots illustrate that the load capacity of the tie continues to increase after the 
"Potential Fracture" point, indicating that there was partial failure resulting in a redistribution 
of load allowing the tie to continue taking more load. The ties do, however, appear to have 
experienced nearly complete failure prior to completion of the first full cycle of loading. The 
concave slopes of the hysteretic plots for cycles two through four, indicate that the tie is no 
longer carrying any in-plane shear load, but is acting as a tension-only type of connection. 
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"Parallel 1" 
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Figure 4.26. Parallel 1 - hysteretic response at displacement of ±1/16 in.. 
"Parallel 2" 
Cyclic Fatigue Loading 
Displacement = ± 1/8 in. 
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Figure 4.27. Parallel 2 - hysteretic response at displacement of ±1/8 in.. 
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"Parallel 3" 
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Figure 4.28. Parallel 3 - hysteretic response at displacement of ±1/16 in.. 
A typical plot of hysteretic response for the specimens with parallel tie orientation is 
shown in Figure 4.29 for the remaining stages of cyclic displacements. See Appendix G for 
individual plots of each specimen. The plot shows the general trend of hysteretic response 
for each stage of increased displacement. The first cycle of each stage demonstrated a small 
increase in load carrying capacity between the point of the previous displacement magnitude 
and the increased displacement magnitude, "Zone B". Other than these small increases in 
load, the tie performed in the same manner as it did beginning in the second cycle of the 
entire test, with a slack, rope-like performance, and little to no in-plane shear capacity. This 
type of load vs. displacement behavior indicated that the tie was experiencing increased 
stiffness with increased loading, which is not possible; therefore, the results were likely 
influenced by other factors such as friction between the concrete and insulation and 
interference between the Delta Ties and the insulation as the displacements cycled. No 
conclusions could be made in regards to the performance of the Delta Tie based on these 
results. The Delta Tie did, however appear to maintain tensile capacity with adequate 
strength to hold the concrete wythes together, indicating that even though the tie was 
7461.0 6727.2 
-5920.5 
-5916.0 
-0.0482 
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fractured, the continuously woven fibers were still intact and holding the specimen together 
as a rope-like connection. 
Typical Hysteretic Response 
Cyclic Fatigue Loading 
Parallel Tie Orientation 
V) 
-Q 
T3 
8 
_l 
Displacement (inches) 
Figure 4.29. Typical hysteretic response for parallel tie orientation. 
The load vs. displacement results for the final static loading of the elemental 
specimens are plotted in Figure 4.30. These results indicate the maximum load required to 
completely fracture the Delta Ties, eliminating all mechanical anchorage between the 
concrete wythes. After the peak static loads were reached, the only loads acting on the 
specimen were due to self weight and friction between the insulation and concrete. The slope 
of the plots again indicated that there was no in-plane shear capacity, however; they did 
indicate that there was some tensile load carrying capacity in the Delta Ties. All four plots 
show an increase in load beginning at the final displacement value used in the cyclic loading 
(0.25 inches) to a range of 0.30 inches to 0.46 inches before reaching a plateau. 
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Parallel Tie Orientation 
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Figure 4.30. Parallel Tie Orientation - static load vs. displacement. 
4.2.1.2. Perpendicular Tie Orientation 
Peak load per cycle plots are shown in Figures 4.31 - 4.33 for specimens 
Perpendicular 1, Perpendicular 2, and Perpendicular 3, respectively. The perpendicular tie 
orientation is the weaker orientation for the Delta Tie, therefore all three of the tie specimens 
experienced complete failure prior to reaching the final monotonie loading stage. All three 
specimens appeared to have failed at separate times, but the initial peak loads for each 
specimen were very consistent. Where applicable, all three specimens exhibit similar trends 
including increased loads at the start of each incremental increase in displacement with a 
constant reduction in load throughout each displacement stage. 
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"Perpendicular 1" 
Cyclic Fatigue Loading 
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Figure 4.31. Perpendicular 1 - peak loads per cycle. 
"Perpendicular 2" 
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Figure 4.32. Perpendicular 2 - peak loads per cycle. 
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"Perpendicular 3" 
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Figure 4.33. Perpendicular 3 - peak loads per cycle. 
The hysteretic responses for the first five cycles of specimens Perpendicular 1, 
Perpendicular 2, and Perpendicular 3 are shown in Figures 4.34 - 4.36, respectively. Several 
locations (1/4 Peak, Potential Fracture, and Peak) were marked along the first cycle of 
displacement as reference points for comparison to analytical results and discussion 
purposes. The "Potential Fracture" locations shown in the plots were determined by a 
change in the slope of the load vs. displacement curve in the first cycle of each specimen, 
which occurred at approximately the same value of displacement (0.027 inches) for all three 
specimens. The load capacities of the ties increased slightly after the "Potential Fracture" 
point, indicating that there was partial failure resulting in a redistribution of load allowing the 
tie to continue taking more load. Again, the ties appear to have experienced nearly complete 
failure prior to completion of the first full cycle of loading. The concave slopes of the 
hysteretic plots for cycles two through four, indicate that the tie is no longer carrying any in-
plane shear load, but is acting as a tension-only type of connection. 
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Figure 4.34. Perpendicular 1 - Hysteretic response at displacement of ±1/16 in.. 
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Figure 4.35. Perpendicular 2 - Hysteretic response at displacement of ±1/16 in. 
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Figure 4.36. Perpendicular 3 - Hysteretic response at displacement of ±1/16 in.. 
A typical plot of hysteretic response for the specimens with perpendicular tie 
orientation is shown in Figure 4.37 for the remaining stages of cyclic displacements. See 
Appendix G for individual plots of each specimen. The plot shows the general trend of 
hysteretic response for each stage of increased displacement, which demonstrated the same 
characteristics as those described for the parallel tie orientation. Based on the behavior 
displayed by these results, no conclusions could be made in regards to the performance of the 
Delta Tie. In all three elemental tests with perpendicular tie orientation, the tie was 
completely fractured prior to completing the entire cyclic portion of the test, meaning that 
there was no mechanical connection between the concrete wythes and nothing to prevent the 
wythes from separating. 
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Typical Hysteretic Response 
Cyclic Fatigue Loading 
Perpendicular Tie Orientation 
*!< 
Displacement (inches) 
Figure 4.37. Typical hysteretic response for perpendicular tie orientation. 
4.2.2. Strains 
Strains were periodically recorded on the Delta Ties during the cyclic loading of the 
elemental specimens. This data was used to determine the load distribution through the Delta 
Tie and to identify areas of concentrated stresses. Ideally the strains would also indicate how 
the tie was performing as it experienced fatigue through the duration of the test, however, 
due to the cyclic nature of the test, many strain gages were only functional during the 
beginning cycles of each test. The strain data were analyzed for each specimen and the 
determination was made that the most valid data for making behavioral observations were 
recorded during the first cycle of each fatigue test. These data are reported and discussed in 
the following sections. 
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4.2.2.1. Parallel Tie Orientation 
Specimens Parallel 1 and Parallel 3 each contained two Delta Ties with strain gage 
instrumentation, as discussed in Chapter 2. Analysis of the strain data indicated that the first 
cycle of testing resulted in valid strain data. Figure 4.38 shows a representative plot of the 
strains in each Delta Tie in specimens Parallel 1 and Parallel 3. See Appendix H for the 
actual strain plots of each individual Delta Tie. On the representative plot of strain behavior, 
several locations (1/4 Peak, 1/2 Peak, Potential Fracture, and Peak) are identified for 
observation. The 1/4 Peak and 1/2 Peak points were chosen because they were at a small 
enough displacement to observe the tie behavior in an elastic state. The Potential Fracture 
and Peak points were chosen because they are critical displacements to observe for 
behavioral characteristics. These results were observed and will be compared with analytical 
results included in Chapter 5. Tables 4.10-4.11 list the strain values recorded for specimens 
Parallel 1 and 3 respectively at each of the critical locations. Strain labels correspond to the 
strain gage numbering discussed in Chapter 2. The actual strain plots in Appendix H show 
that not all of the data follows a smooth curve, which indicates that some strain data may not 
be valid. In extreme cases of deviation from these curves, the peak strains are considered 
invalid and are not tabulated. 
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Typical Delta Tie Strain Results 
Parallel Tie Orientation 
Strain vs. Time 
Axial Gage "1" Axial Gage "2" Axial Gage "3" Axial Gage "4" Axial Gage "5" 
0 10 20 30 40 50 60 
Time (seconds) 
Figure 4.38. Typical Delta Tie strain data for Cycle 1 of parallel tie orientation. 
Table 4.10. Parallel 1 - recorded strain values (microstrain)1. 
Gage 1/4 Peak 1/2 Peak Potential Fracture 
(0.043 in.) 
Peak 
Number2 (0.015625 in.) (0.03125 in.) (0.0625 in.) 
1-1 -39 -94 -424 -1198 
1-2 2150 3456 5026 5946 
1-3 -1821 -3227 -2074» -2171» 
1-4 2078 3457 4809 5758 
1-5 -2052 -3770 -2666» -2604» 
2-1 -1 25 -857 -2296 
2-2 2191 3860 40355" 40355" 
2-3 -2283 -3812 -5205 -874» 
2-4 2084 3562 4669 5648 
2-5 -1640 -2395 -440» 8978» 
Positive strain values indicate tension and negative strain values indicate compression. 
2First number identifies the Delta Tie and second number identifies the gage location. 
a Strain values outside of the expected range. 
b Strain values beyond capacity of strain gage - possible gage malfunction. 
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Table 4.11. Parallel 3 - recorded strain values (microstrain)1. 
Gage 
Number2 
1/4 Peak 
(0.015625 in.) 
1/2 Peak 
(0.03125 in.) 
Potential 
Fracture 
(0.043 in.) 
Peak 
(0.0625 in.) 
1-1 -422 -772 -1171 -1579 
1-2 920 1692 2576 2971 
1-3 -1378 -2639 -3664 -4235 
1-4 707 1467 2500 3504 
1-5 -1133 -2344 -3794 -5105 
2-1 -443 -835 -1684 -1757 
2-2 1418 3196 5330 6533 
2-3 -1802 -3505 -6195 -7717 
2-4 1541 3531 5828 7136 
2-5 -1532 -3191 -5852 -18935* 
^Positive strain va ues indicate tension and negative strain values indicate compression. 
2First number identifies the Delta Tie and second number identifies the gage location. 
a Strain values outside of the expected range. 
4.2.2.2. Perpendicular Tie Orientation 
Specimens Perpendicular 1 and Perpendicular 3 each contained two Delta Ties with 
strain gage instrumentation, as discussed in Chapter 2. Analysis of the strain data indicated 
that the first cycle of testing resulted in valid strain data. Figure 4.39 shows a representative 
plot of the strains in each Delta Tie in specimens Perpendicular 1 and Perpendicular 3. See 
Appendix H for the actual strain plots of each individual Delta Tie. On the representative 
plot of strain behavior, several locations (1/4 Peak, Potential Fracture, and Peak) are 
identified for observation. The 1/4 Peak and points was chosen because it is at a small 
enough displacement to observe the tie behavior in an elastic state. The Potential Fracture 
and Peak points were chosen because they are critical displacements to observe for 
behavioral characteristics. These results were observed and will be compared with analytical 
results included in Chapter 5. Tables 4.12-4.13 list the strain values recorded for specimens 
Perpendicular 1 and 3 respectively at each of the critical locations. Strain labels correspond 
to the strain gage numbering discussed in Chapter 2. The actual strain plots in Appendix H 
show that not all of the data follows a smooth curve, which indicates that some strain data 
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may not be valid. In extreme cases of deviation from these curves, the peak strains are 
considered invalid and are not tabulated. 
Typical Delta Tie Strain Results 
Perpendicular Tie Orientation 
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Figure 4.39. Typical Delta Tie strain data for Cycle 1 of perpendicular tie orientation. 
Table 4.12. Perpendicular 1 - recorded strain values (microstrain)1. 
Gage 
Number2 
1/4 Peak 
(0.015625 in.) 
Potential 
Fracture 
(0.027 in.) 
Peak 
(0.0625 in.) 
1-1 -2011 -2916 -4854 
1-2 1379 2366 5043 
1-3 -2041 -2906 -4831 
1-4 1737 2921 5996 
2-1 -1317 -1972 -1570» 
2-2 1153 1995 4394 
2-3 -991 -1535 -1418» 
2-4 1553 2552 40355" 
^Positive strain values indicate tension and negative strain values indicate compression. 
2First number identifies the Delta Tie and second number identifies the gage location. 
a Strain values outside of the expected range. 
b Strain values beyond capacity of strain gage - possible gage malfunction. 
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Table 4.13. Perpendicular 3 - recorded strain values (microstrain)1. 
Gage 
Number2 
1/4 Peak 
(0.015625 in.) 
Potential 
Fracture 
(0.027 in.) 
Peak 
(0.0625 in.) 
1-1 -1938 -3097 -808 
1-2 1489 2441 2574 
1-3 -1271 -1984 -2762 
1-4 1870 3085 5702 
2-1 -1400 -2255 -530* 
2-2 834 1323 2714 
2-3 -17805* -16026* -10689* 
2-4 1350 2088 5808 
^Positive strain values indicate tension and negative strain values indicate compression. 
2First number identifies the Delta Tie and second number identifies the gage location. 
a Strain values outside of the expected range. 
4.2.3. Visual Observation 
Visual observation was made of the Delta Ties in the elemental fatigue specimen by 
removing a small portion of the insulation layer around one of the Delta Ties. The tie was 
then monitored during the cyclic loading to identify failures in the tie. Typically, for the 
parallel tie orientations, the first area of the Delta Tie to experience damage was at the 
intersections of the diagonal members. The damage was usually in the form of a fracture 
between the diagonal members. The horizontal members, however, did not exhibit any 
visible damage in the early stages of loading and maintained a positive connection between 
concrete wythes, providing a significant load transfer until the latter stages of the loading. 
The perpendicular tie specimens incurred the same type of damage in the early stages of 
loading as well, however, without the horizontal tie members, the load transfer decreased 
significantly and the positive connection between wythes was not as defined as in the parallel 
tie specimens. Based on the observations of the elemental testing, the Delta Ties with 
parallel tie orientation were clearly stronger and more durable than the Delta Ties with 
perpendicular tie orientation. See Appendix K for photos of the failed Delta Tie segments 
after completion of the elemental tests. 
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5. ANALYSIS 
5.1. Full-scale Thermal Test 
The full-scale wall panels were analyzed to predict the theoretical displacements at 
AT =100°F. Theoretical analysis was performed using simplified equations for straight, 
elastic beams taken from Roark's Formulas for Stress and Strain. [19] The general 
displacement equation for a beam loaded with a uniform temperature variation from the top 
surface to the bottom surface is given by Equation 5.1. The conditions and variables in this 
equation are illustrated in Figure 5.1. 
+ —(A T)x Equation 5.1 
Where, 
Displacement at distance "x" (in.) 
Displacement at left end of beam (in.) 
Distance from left end of beam (ft) 
Angle of rotation at left end of beam (radians) 
Moment at left end of beam (in-kips) 
Reaction at left end of beam (kips) 
Coefficient of Thermal Expansion (in./in./°F) 
Temperature differential, T2-T1 (°F) 
Modulus of Elasticity (ksi) 
Moment of Inertia (in.4) 
Thickness of beam 
x 
6A 
Ma 
RA 
a 
AT 
E 
I 
t 
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Figure 5.1. Theoretical thermal displacement diagram. [19] 
The use of Equation 5.1 for analysis of the full-scale wall panels required the 
establishment of boundary conditions. During testing, one end of the wall panel was 
restrained, but the level of fixity in the restraint was not known. Therefore, none of the 
boundary condition combinations listed in Roark's Formulas for Stress and Strain [19] were 
directly applicable to the actual testing condition. To accommodate for the uncertainty in the 
level of fixity at the restrained end of the wall panel, two separate boundary conditions were 
analyzed including a pinned-pinned condition and a pinned-fixed condition, which are 
illustrated in Figure 5.2, respectively. Each of these two boundary conditions was associated 
with defined boundary values to be used with Equation 5.1. The values that vary between 
boundary conditions are listed in Table 5.1. 
Pinned Pinned Pinned 
Figure 5.2. Theoretical thermal displacement diagrams for different support 
conditions: (a) pinned-pinned and (b) pinned-fixed. 
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Table 5.1. Boundary condition values. 
Pinned-Pinned 
Condition 
Pinned-Fixed 
Condition 
yA = 0 0 
0A = 
1-
T
 
1
 
«
 
II q
T
 
*, = ~4f(Ar) 
RA 0 
M \ 0 0 
The value used for thickness (t) in each wall panel was based on an equivalent 
thickness assuming a rectangular cross-section. Given the composite moments of inertia for 
each wall panel, listed in Appendix E, the equivalent thickness was calculated using the 
moment of inertia equation for a rectangular section, defined by Equation 5.2. The use of an 
equivalent thickness means that all displacements were calculated based on fully composite 
behavior. All other variables listed in Equation 5.1 can be found in Appendix I along with 
more complete displacement calculations for each boundary condition. 
/ = ~bt3 Equation 5.2 
The displacements calculated for each of the two boundary conditions were combined 
based on a percentage of fixity at the restrained end of the wall panel. Percentages of 0, 25, 
50, 75, and 100 were used to show a range of maximum displacements calculated for each 
wall panel, and are listed in Table 5.2. 
Table 5.2. Maximum theoretical displacements based on fixity condition. 
Wall 
Panel 
Maximum Theoretical Displacements (in.) 
% Fixity at Restrained End 
0 25 50 75 100 
1 -1.485 -1.206 -0.928 -0.674 -0.435 
2 -1.485 -1.206 -0.928 -0.674 -0.435 
3 -2.676 -2.174 -1.672 -1.215 -0.784 
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The level of fixity for Wall Panels 1 and 2 was most likely between 50 and 75 percent 
because of the configuration of the end-clamp assembly, which was constructed to allow a 
tighter clamping mechanism for the two thicker wall panel specimens. The end-clamp 
assembly was not capable of providing the same level of restraint for Wall Panel 3 because 
this specimen was much thinner, which increased the amount of room for rotation. Therefore 
the level of fixity was most likely between 0 and 25 percent for Wall Panel 3. The friction 
between the roller supports along the wall panel would also have an affect on the behavior of 
the wall panel displacement and the amount of fixity experienced at the restrained end. This 
value was not quantified and is assumed to be incorporated in the range of fixity defined for 
each wall panel. Figure 5.3 illustrates a plot of the theoretical displacements for each wall 
panel based on the probable levels of fixity experienced in each test. See Appendix I for 
more detailed calculations and plots of the wall panel displacements for each level of fixity. 
Full-Scale Wall Panels 
Theoretical Thermal Displacements 
AT =100 °F 
Wall Panels 1 &2 (50% Fixity) Wall Panels 1 & 2 (75% Fixity) Wall Panel 3 (0% Fixity) Wall Panel 3 (25% Fixity) 
0.00 
-0.50 
-1.00 
-1.50 
-2.00 
-2.50 
-3.00 
Location (feet) 
Figure 5.3. Theoretical thermal displacements at AT =100°F. 
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5.2. Elemental Fatigue Tests 
5.2.1. Finite Element A nalysis of Delta Tie 
The Delta Tie was analyzed in the parallel tie orientation with finite elements using 
ANSYS [20] finite element analysis software. This theoretical analysis was performed to 
gain better understanding of the in-plane shear behavior of the Delta Tie. Computed results 
obtained from the finite element analysis, including reactions, stresses, and strains, were 
compared to the actual behavioral data recorded during the elemental fatigue tests. Several 
iterations of the analysis were performed before a final model was chosen. Some of the 
variations made between iterations are as follows: 
• Performed analysis on a model of the entire elemental specimen. 
• Performed analysis on only a portion of the Delta Tie and utilizing 
symmetry. 
• Varied the boundary conditions to simulate pure translation during vertical 
displacement. 
• Used isotropic material properties. 
• Used orthotopic material properties. 
• Varied the magnitudes of the orthotopic material properties in the "x" and 
"y" directions. 
The following sections describe the final version of the model chosen, the 
assumptions made, and the steps required to perform finite element analysis on the Delta Tie, 
using ANSYS. 
92 
5.2.1.1. Definition of Element Type 
The Delta Tie was modeled using the "PLANE42" element. The PLANE42 element is a 
two-dimensional element that is defined by four nodes. Each node has two degrees of 
freedom including translations in the nodal x and y directions. The shape functions along 
each edge of the element are linear, because there are only two nodes to define each face. 
The shape functions for this four-noded element, as used by ANSYS, are defined in 
Equations 5-3 and 5-4. Note that the "u" and "v" shape function represent the nodal x and y 
directions, respectively and the "i", "j", "k", and "1" subscripts represent each node of the 
element. 
u = — \ui (1 — s)(l — f) + uj(1 + s)(l — + uk (1 + s)(l + + Uj (1 — s)(l + ^ )] Equation 5-3 
v = 
~ \vi (1 ~ ~ 0 + vj (1 + s)(l ~ 0 + vk (1 + "?)(! + 0 + vi (1 ~ s)(l + 0] Equation 5-4 
The PLANE42 element was modeled as a plane element using the "Plane stress with 
thickness" option in the ANSYS program. Plane stress is defined as a state of stress in which 
the normal stress and the shear stresses perpendicular to the plane of the element are assumed 
to be zero. [21] For the model used in the analysis of the Delta Tie, this means that the 
normal stresses in the Z direction and the shear stresses in the XZ and YZ planes were 
assumed to be zero. Along with this analysis option, a thickness of 0.125 inches was 
assigned to the element to replicate the actual thickness of the Delta Tie. 
5.2.1.2. Definition of Material Properties 
The material properties for the Fiber Reinforced Polymer were determined based on 
the composite modulus of elasticity calculated in Chapter 1. The initial analysis was 
performed using an isotropic material property, which assumed the same material properties 
in all directions. The only input required by ANSYS for an isotropic material was modulus 
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of elasticity (7189 ksi) and Poisson's Ratio (0.26). The reaction results based on these 
isotropic properties were extremely high, confirming that the FRP was not exhibiting 
isotropic material properties. 
The final analysis was based on orthotopic material properties. The input required in 
ANSYS for an orthotopic material included a modulus of elasticity along each axis (Ex, Ey, 
Ez), a Poisson's Ratio for each axis (PRxy, PRyz, PRxz) and a shear modulus for each axis 
(Gxy, Gyz, Gxz). Initially, several trials of the analysis were performed, experimenting with 
a variety of different values for each of the required material properties because no physical 
results were available. After further research, two references were found, listing similar 
values for modulus of elasticity, Poisson's Ratio, and shear modulus of E-glass fiber GFRP. 
These values were used to determine the transverse modulus of elasticity and shear modulus 
based on a percentage of the longitudinal modulus of elasticity. Based on these references, 
the transverse modulus of elasticity was found to be approximately 21% of the longitudinal 
modulus of elasticity, the shear modulus was found to be approximately 10% of the 
longitudinal modulus of elasticity, and both sources listed a single Poisson's Ratio of 0.26. 
[22, 23] Table 5.3 lists the orthotopic material properties used in the finite element analysis 
as input into ANSYS. 
Table 5.3. Orthotopic material properties used in finite element analysis. 
Material Property Value 
Ex (psi) 7189000 
Ey (psi) 1510000 
Ez (psi) 1510000 
PRxy 026 
PRyz 026 
PRxz 026 
Gxy (psi) 718900 
Gyz (psi) 718900 
Gxz (psi) 718900 
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5.2.1.3. Creation of Model Geometry 
A model of the Delta Tie was created to simulate the in-plane shear behavior of the 
tie in a parallel tie orientation with a two-inch insulation layer. As previously mentioned, a 
model was initially created to analyze the entire elemental specimen. In order to simplify the 
analysis, only a portion of the Delta Tie was modeled and symmetry was for extrapolation of 
the results to the entire specimen. The test specimens were configured with two ties at equal 
spacing, centered in the specimen so that each tie would absorb an equal amount of load. 
Therefore, the first line of symmetry was down the vertical centerline of the specimen, 
eliminating the analysis of one whole tie. Since the Delta Tie was configured with 
symmetric geometry in order to have equal load capacity in both the positive and negative 
direction of displacement, the second line of symmetry was located at the horizontal 
centerline of the Delta Tie. These two lines of symmetry greatly reduced the size of the 
model required for analysis and consequently reduced the amount of input data required and 
the amount of data included in the output files. See Figure 5.4 for an illustration of the lines 
of symmetry used to simplify the model. 
First line of 
symmetry 
Second line 
of symmetry 
Reduced Portion 
of Delta Tie 
Elemental Specimen 
Figure 5.4. Lines of symmetry for typical elemental specimen. 
95 
The geometry of the simplified model was initially created based on the exact 
geometry of the Delta Tie including all rounded corners and intersections. However, for 
reasons that will be addressed during the discussion of mesh generation, the geometry of the 
model was simplified by converting all rounded portions of the tie to straight lines. The new, 
straight-line portions of the tie were geometrically located to provide an equivalent area as in 
the exact model. Also, in order to simulate the portion of the Delta Tie located within the 
two-inch insulation layer, only the middle two inches of the tie were modeled. The outer 
portions were cast in concrete, creating a rigid restraint, which will be addressed during the 
discussion of boundary conditions. See Figure 5.5 for the exact dimensions of the model 
geometry. 
2.000" 
0.547" 1.375" 0.547" 
0.265" 0.265" 
Figure 5.5. Geometry of Delta Tie model. 
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5.2.1.4. Generation of Mesh 
Based on the previously defined geometry, the model was created and the mesh was 
generated by manually inputting nodes at specified coordinates and creating elements using 
the defined nodes. ANSYS has an automatic mesh generation tool that can create a mesh 
based on a given area and a desired mesh size, however, with this method the nodes were 
randomly inserted by the program and the orientation of the elements was uncertain. Manual 
mesh generation was therefore used because it allowed each node location to be user-defined 
and ensured that each element was oriented in a consistent direction. 
Nodes were created first by defining the critical points along the perimeter of the 
model geometry. Once the outline of the model was established, the remaining nodes were 
input along a 1/8-inch grid, parallel to the direction of each defining edge of the model 
geometry. An illustration of the 1/8-inch nodal grid, including number labels for each node, 
can be seen in Figure 5.6. 
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Figure 5.6. Meshed model with node labels. 
Elements were then created based on this nodal grid. Four-sided elements were 
preferred, however, some areas could not be readily meshed using the manual procedure so 
triangular elements were used in these areas. The PLANE42 element is defined by four 
nodes, "i", "j", "k", and "1", which are associated with the first, second, third, and fourth 
nodes, respectively, used to define the element. When creating a triangular element, the third 
node definied was associated with both the "k" and "1" nodes. Each surface of the element 
was defined relative to the node definitions; Surface 1 was between the "i" and "j" nodes, 
Surface 2 was between the "j" and "k" nodes, Surface 3 was between the "k" and "1" nodes, 
and Surface 4 was between the "1" and "i" nodes and did not apply to a triangular element. 
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Figure 5.7 illustrates the geometry associated with the PLANE42 element definition 
including node definitions and surface definitions. The elements were created so that Surface 
1 was oriented parallel to each member of the tie. This was done to ensure that all elements 
within a member were aligned with the same orientation, and the orthotopic material 
properties within the members were consistent between elements. 
The first area (Area 1) of the model defined was the horizontal member along the top 
of the model. Beginning at the upper left corner of the member and moving from left to 
right, the elements were defined in a counter-clockwise direction with the first node, "i" 
located at the lower left corner of each element. The second area (Area 2) of the model 
defined was the diagonal member oriented downward and to the right. Beginning at the top 
of the upper left portion of the diagonal and moving downward to the right, the elements 
were defined in a counter-clockwise direction with the first node "i" located at the lower left 
corner of each element. The third area (Area 3) of the model defined was the diagonal 
member oriented upward and to the left. Beginning at the top of the lower left portion of the 
diagonal and moving upward to the right, the elements were defined in a clockwise direction 
with the first node "i" located at the upper left corner of each element. The elements located 
within the intersection of the two diagonals were not defined in this direction because they 
were already defined by the elements created for the first diagonal (Area 2). The final areas 
(Areas 4, 5, 6, and 7) of the model defined were located around the intersection of the 
diagonals. Each element was defined so that it was oriented parallel to the diagonal 
"x" = Element Node "(#)" = Element Surface 
Four-sided Element Triangular Element 
Figure 5.7. PLANE42 element geometry. [18] 
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members. Where an element shared borders with both diagonal members, the element was 
oriented parallel to the diagonal oriented downward and to the right (Area 2). The completed 
finite element model consisted of 244 nodes with 189 elements (173 four-sided and 16 
triangular). See Figures 5.8 and 5.9 for illustrations of the element generation pattern. 
# = Areas of Element Definition 
Figure 5.8. Location of zones for element definition. 
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Figure 5.9. Illustration of element definition per zone. 
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5.2.1.5. Definition of Boundary Conditions 
Boundary conditions were applied to the model to simulate the connection between 
the Delta Tie and the concrete wythes, and to simulate the in-plane displacements applied to 
the elemental specimens. The in-plane displacements were simulated by applying a 
boundary condition to force translation in the vertical, Y-direction at all nodes along the right 
edge of the Delta Tie. The magnitude of the forced translations corresponded to the critical 
measurement points observed from the actual elemental test (1/4 Peak, 1/2 Peak, Potential 
Fracture, and Peak). In order to provide strictly a translational displacement, as experienced 
by the elemental test, an additional boundary condition was applied to all nodes along the 
right edge of the Delta Tie, restraining them against any movement in the horizontal, X-
direction. To simulate the rigid Delta Tie-to-concrete connection on the left edge of the 
Delta Tie, all nodes were restrained from movement in both the vertical, Y- and horizontal, 
X- directions. Table 5.4 lists all of the boundary conditions that were applied to the model 
including nodes, magnitudes, and degrees of freedom. The nodes are listed in groups which 
represent their location in the model, as illustrated in Figure 5.10, so that they could be easily 
identified when reviewing the reaction results obtained from the finite element analysis. 
1 8  
35 
52 
17  
34  
51  
68 
Figure 5.10. Edge nodes with boundary conditions 
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Table 5.4. Boundary conditions 
Left Edge Right Edge 
Node AX AY Node AX AY1 
1 0 0 17 0 -y 
18 0 0 34 0 -y 
35 0 0 51 0 -y 
52 0 0 68 0 -y 
69 0 0 91 0 -y 
70 0 0 92 0 -y 
71 0 0 93 0 -y 
72 0 0 94 0 -y 
83 0 0 105 0 -y 
82 0 0 104 0 -y 
81 0 0 103 0 -y 
80 0 0 102 0 -y 
*AY varies: 1/4 Peak (-y = -0.015625 in.), 1/2 Peak (-y = -0.03125 in ), Potential Fracture 
(-y = -0.043 in ), Peak (-y= -0.0625 in.) 
5.2.1.6. Results of Finite Element Analysis 
The ultimate analysis was performed using the default element coordinate system, 
which was oriented parallel to the global coordinate system. Results of the finite element 
analysis were compared to the test results from the elemental fatigue test by observing the 
reactions, strains, and stresses. The observed finite element results were based on the four 
critical displacements observed during lab testing (1/4 Peak, 1/2 Peak, Potential Fracture, and 
Peak). Viewing the displaced shape of the model after performing the analysis was the first 
observation made, to confirm that the boundary conditions of the model were applied 
correctly. As illustrated by the displaced shape of the model in Figure 5.11, the boundary 
conditions restrained the model in all directions except for the applied vertical displacement 
along the right edge of the tie. The restraint of the horizontal degrees of freedom on both 
sides of the tie resulted in fixed-end type boundary conditions causing the members of the tie 
to experience beam-bending behavior. Initial observation of the displaced shape indicates 
that the model performed similar to the actual behavior of the Delta Tie experienced in the 
lab tests. 
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DISPLACEMENT 
TIME=1 
Figure 5.11. Displaced shape of the finite element model at 1/4 Peak. 
The stress and strain results obtained from the finite element analysis were nodal 
results, and corresponded to the five strain gage locations defined in Figure 2.19. Since the 
node spacing did not correlate exactly with the strain gage locations, the results from two 
adjacent nodes at each location were observed and an average of the values from the two 
nodes was used. Table 5.5 lists nodes corresponding to each strain gage location. 
Table 5.5. Nodes associated with each strain gage location. 
Strain Gage Location Nodes 
1 26 43 
2 180 185 
3 200 
205 
4 160 165 
5 140 
145 
The results of the finite element analysis are discussed in the following sections. 
Comparisons between the finite element analysis and the elemental fatigue test results will be 
discussed in the following chapters. 
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Reactions 
The reactions obtained from the finite element analysis were related to one half of one 
tie, based on the lines of symmetry previously discussed. All results reported in this section 
are based on the total reactions for a single Delta Tie, therefore, the results from the analysis 
need to be multiplied by two for conversion to total reactions for a single tie within the full 
elemental specimen. Table 5.6 lists the total reactions obtained from the finite element 
analysis, for a single Delta Tie. 
Table 5.6. Total reactions for single Delta Tie from finite element analysis. 
Displacement 
(in.) 
Reaction 
(lbs) 
1/4 Peak (-0.015625) 1184 
1/2 Peak (-0.03125) 2367 
Potential Fracture (-0.043) 3257 
Peak (-0.0625) 4734 
The total reactions were obtained by adding the nodal reactions at each support node 
in the model, as illustrated in Figure 5.10. The nodal reactions were also used to calculate 
the axial forces in each member of the tie by resolving the forces in the horizontal and 
vertical directions into a resultant force parallel to each member. Table 5.7 lists the axial 
forces calculated from the individual nodal reactions and are identified by the strain gage 
locations previously discussed, see Figure 2.19. Additional nodal reaction information can 
be found in Appendix J. 
Table 5.7. Axial forces computed from finite element analysis reaction results. 
Strain Gage 
Location 
Axial Forces (lbs)1 
1/4 Peak 
(-0.015625 in.) 
1/2 Peak 
(-0.03125 in.) 
Potential 
Fracture 
(-0.043 in.) 
Peak 
(-0.0625 in.) 
1 0 0 0 0 
2 & 4 -371 -742 -1021 -1484 
3 & 5 371 742 1021 1484 
1 Negative values indicate compression and positive values indicate tension. 
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Strains 
Strain results obtained from ANSYS were given based on the global coordinate 
system. In order to make a direct comparison between the global strains obtained from the 
finite element analysis and the axial strains measured along the diagonals of the Delta Tie 
during lab testing, transformation of the global strains was required. Using basic principles 
of mechanics of materials, the global strains were transformed to local strains by using two-
dimensional strain transformation equations defined by Equations 5.5 and 5.6. [24] The local 
axes for Strain Gage 1 had the same orientation as the global axes therefore transformation 
was not required to obtain axial strains. Strain Gages 2 and 4 were oriented at a 45-degree 
angle from the global X-axis therefore were transformed to the local x-axis using Equation 
5.5 for determination of axial strain. Strain Gages 3 and 5 were oriented at a 45-degree angle 
from the Global Y-axis therefore were transformed to the local y-axis using Equation 5.6 for 
determination of axial strain. See Figure 5.12 for an illustration of the orientation of the 
global and local axes and the angle of rotation between the two. Table 5.8 lists the values 
obtained for the transformed axial strains as computed by Equations 5.5 and 5.6 based on the 
finite element analysis results. A complete listing of the global strains obtained from the 
finite element analysis can be found in Appendix J. 
Y (Global) 
- X (Global) 
# = Strain Gage 
Figure 5.12. Global and local axes orientations for strain 
transformation. 
106 
Where, 
E'x  = Ex  cos2 9+ Ey  sin2 0 + E^ sin0cos0 Equation 5.5 
E'y  = Ex  sin2 6 + Ey  cos2 0 - E^ sin 0 cos 0 Equation 5.6 
E'x  = Transformed axial strain for Gages 2 and 4. 
E'y = Transformed axial strain for Gages 3 and 5. 
Ex  = Global normal strain in horizontal direction. 
Ey  = Global normal strain in vertical direction. 
Exy  = Global shear strain in the XY plane. 
0 = Angle of rotation to between global axis and local axis 
for diagonal members 
Table 5.8. Axial strains computed from finite element analysis strain results. 
Strain Gage 
Location 
Axial Strain microstrain)1 
1/4 Peak 
(-0.015625 in.) 
1/2 Peak 
(-0.03125 in.) 
Potential 
Fracture 
(-0.043 in.) 
Peak 
(-0.0625 in.) 
1 0 0 0 0 
2 -4283 -8567 -11788 -17134 
3 4257 8513 11714 17026 
4 -4256 -8513 -11714 -17025 
5 4284 8567 11788 17134 
^Negative values indicate compression and positive values indicate tension. 
All of the strains obtained from the finite element analysis were observed based on 
the assumption that the tie was fully intact and within the elastic region of its material 
properties. This is important to note because the results listed at the Peak displacement will 
not reflect the true behavior of the tie if indeed the tie experienced any fracture or damage at 
the Potential Fracture displacement. 
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Stresses 
The stresses obtained from the finite element analysis were given in the global 
coordinate system and observed to identify stress concentrations and to predict the axial 
forces and distribution of load within each member of the Delta Tie. Identification of stress 
concentrations helped to locate points of weakness within the Delta Tie for prediction of 
initial failure. Figures 5.13-5.17 illustrate the stress contours, at the 1/4 Peak displacement, 
for stresses in the horizontal (Sx), vertical (Sy), shear (Sxy), principal 1 (SI), and principal 3 
(S3) directions, respectively. The stress contour patterns were similar for all increments of 
displacement with the main difference being in the magnitudes of stresses, which increased 
proportionally with the magnitude of displacement. Therefore, the stress values at each 
additional increment of displacement could be linearly extrapolated from the values obtained 
at the 1/4 Peak displacement based on the linear orthotopic material properties associated 
with the model. Stresses are shown in pounds per square inch (psi) with negative values 
representing compression and positive values representing tension. 
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Figure 5.13. Horizontal stress (Sx) contours at 1/4 Peak. 
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Figure 5.14. Vertical stress (Sy) contours at 1/4 Peak. 
The horizontal stresses (Sx) and vertical stresses (Sy) shown in Figures 5.13 and 5.14, 
respectively, show the stresses in the global X- and ^-directions. These stresses were not 
aligned with the diagonal members of the tie but did show symmetry in the model. The 
horizontal stress contours indicated stress concentrations at the four corners of the horizontal 
member along the top of the Delta Tie, and the vertical stress contours indicated stress 
concentrations at the corners between the diagonal members and the thickened portion of the 
Delta Tie at the intersection of the diagonal members. The maximum stresses obtained from 
this analysis at the 1/4 Peak displacement were ±23017 psi (tension and compression) in the 
horizontal, X-di recti on and ±5823 psi in the vertical, Y-direction. 
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Figure 5.15. Shear stress (Sxy) contours at 1/4 Peak. 
The shear stress (Sxy) contours illustrated in Figure 5.15 show a symmetric 
distribution of shear stresses in the XY-plane, with the maximum shear stresses concentrated 
in the center of the intersection of the diagonal members. The maximum shear stress 
obtained from this analysis at the 1/4 Peak displacement was 7730 psi. Also, further 
observation of the finite element analysis results showed that the stresses for the YZ-and XZ-
planes were zero, which was the desired result based on the use of a plane stress element. 
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Figure 5.16. Principal Stress 1 (SI) contours at 1/4 Peak. 
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Figure 5.17. Principal Stress 3 (S3) contours at 1/4 Peak. 
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The stress contours for Principal Stress 1 (SI) and Principal Stress 3 (S3) illustrated 
in Figures 5.16 and 5.17, respectively, indicate the maximum and minimum normal stresses 
at locations of zero shearing stress, within the members of the Delta Tie. Along the diagonal 
members of the Delta Tie, the principal stresses corresponded directly to the axial stresses 
within the members. Principal Stress 1 corresponded to the axial tensile stress in the 
diagonal spanning from the upper left to the lower right and Principal Stress 3 corresponded 
to the axial compressive stress in the diagonal spanning from the lower left to the upper right. 
Since the principal stresses were oriented parallel to the Delta Tie member, they were used to 
determine the axial forces in each member. Table 5.9 lists the maximum principal stresses 
obtained at each strain gage location, as illustrated in Figure 2.19. See Appendix J for 
additional stress information at the given locations. 
able 5.9. Maximum principal stresses from finite element analysis. 
Strain Gage 
Location 
Maximum Principal Stresses (psi)1 
1/4 Peak 
(-0.015625 in.) 
1/2 Peak 
(-0.03125 in.) 
Potential 
Fracture 
(-0.043 in.) 
Peak 
(-0.0625 in.) 
1 ±15952 ±3190% ±4389^ ±6379% 
2 -8050 -16100 -22154 -32200 
3 8001 16002 22019 32004 
4 -8001 -16002 -22018 -32003 
5 8050 16101 22154 32201 
1 Negative values indicate compression and positive values indicate tension. 
2 Principal stresses at Strain Gage Location 1 are based on shear stresses only. 
Axial forces in each member were predicted based on the maximum principal stresses 
using the axial stress principal defined by Equation 5.7. 
P 
cr = — Equation 5.7 
Where, 
a = Axial stress (psi). 
P = Axial force (lbs). 
A = Area of cross-section (in.2) 
112 
The Delta Tie dimensions were 1/8-inch thick by 3/8-inch wide resulting in a cross-sectional 
area of 0.046875 square inches. Table 5.10 lists the axial forces members of the Delta Tie as 
computed from the stress results of the finite element analysis. 
able 5.10. Axial forces computed from finite element analysis stress results. 
Axial Force (lbs)1 
Strain Gage 
Location 1/4 Peak (-0.015625 in.) 
1/2 Peak 
(-0.03125 in.) 
Potential 
Fracture 
(-0.043 in.) 
Peak 
(-0.0625 in.) 
1 02 02 02 02 
2 -377 -755 -1038 -1509 
3 375 750 1032 1500 
4 -375 -750 -1032 -1500 
5 377 755 1038 1509 
1 Negative values indicate compression and positive values indicate tension. 
2 Principal stresses at Strain Gage Location 1 are based on shear stresses only, resulting in 
zero axial forces. 
The axial forces computed based on the ANSYS principal stress results were nearly 
identical to those calculated based on the ANSYS reaction results. The margin of error was 
less than two percent and may have been due to the interpretation of stress data at the nodal 
locations. The comparison of axial forces between these two methods of calculation gave 
additional verification that the model was performing properly. 
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6. CONCLUSIONS AND SUMMARY OF RESULTS 
6.1. Full-scale Thermal Test 
The behavior pattern of the full-scale wall panels during thermal testing was in the 
expected range for displacements along the wall panel. The level of accuracy for the 
prediction of the wall displacements was dependent on the level of fixity at the restrained end 
of the wall panel and the amount of composite action experienced by each wall. 
The experimental displacements recorded for both Wall Panels 1 and 2 resulted in 
maximum displacements less than the theoretical values calculated for the 50-percent fixity 
condition at the restrained end. Wall Panel 1 also resulted in a maximum experimental 
displacement less than the theoretical value calculated for the 75-percent fixity condition, 
while Wall Panel 2 resulted in a maximum experimental displacement approximately four 
percent larger than the theoretical value at the 75-percent fixity condition. See Figure 6.1 for 
a plot of comparisons between the experimental and theoretical displacements. Wall Panel 2 
had Delta Ties spaced at 4'-0" and experienced a maximum displacement approximately 12 
percent larger than the maximum displacement experienced by Wall Panel 1 which had Delta 
Ties spaced at 2'-0". Both wall panels had identical geometric and material properties, with 
the only difference being the spacing of the Delta Ties; therefore, the larger maximum 
displacement experienced by Wall Panel 2 indicates that the composite behavior of the wall 
panel was reduced due to the larger spacing of Delta Ties. 
The maximum experimental displacement recorded for Wall Panel 3 was 25 percent 
larger than the calculated theoretical value, based on the zero-percent fixity condition at the 
restrained end of the wall panel. This indicates that the wall panel was much more flexible 
than predicted and that the Delta Ties are capable of withstanding large bowing 
displacements due to thermal loading. See Figure 6.2 for a plot of comparisons between the 
experimental and theoretical displacements. 
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Full-Scale Wall Panels 1 & 2 
Experimental vs. Theoretical Thermal Displacements 
AT =100°F 
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Figure 6.1. Wall Panels 1 and 2 - experimental vs. theoretical displacements. 
Full-Scale Wall Panel 3 
Experimental vs. Theoretical Thermal Displacements 
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Figure 6.2. Wall Panel 3 - experimental vs. theoretical displacements. 
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Maximum recorded experimental displacements that were less than the maximum 
calculated theoretical displacements indicated that the wall panel performed with 100 percent 
composite action. Experimental results in excess of the theoretical values indicated that the 
composite behavior of the wall panel was less than 100 percent. Without knowing exactly 
what the percentage of fixity was at the restrained end and without knowing the affect of the 
chemical bond between the concrete and the insulation layer, exact values of composite 
action cannot be determined. However, based on the results observed between Wall Panel 1 
and Wall Panel 2, the conclusion can be made that more Delta ties at a closer spacing will 
create a larger amount of composite behavior in the wall panel. 
The wythe-slip displacement results recorded during the thermal test were compared 
to the load vs. displacement data recorded during the elemental fatigue test. The wythe-slip 
displacement was directly related to the in-plane displacement experienced by the Delta Ties 
closest to the free end of the wall panel (Location "A" from Figure 2.12). Based on the 
configuration of the test set-up, the end-clamp assembly should have forced all elongation 
and wythe-slip displacements to occur at the free end of the wall panel, causing the 
maximum in-plane Delta Tie displacements to occur at Location "A". 
The wythe-slip displacement for Wall Panel 1 was less than the in-plane displacement 
recorded at the "Potential Fracture" displacement (-0.043 inches) during the elemental tests, 
while the wythe-slip displacements for Wall Panels 2 and 3 were larger than the "Potential 
Fracture" displacement. The wythe-slip value for Wall Panel 1 indicates that the Delta Tie 
experienced a very small magnitude of in-plane displacement and remained in the elastic 
region of the material. The values of wythe-slip for Wall Panels 2 and 3 indicate that the 
Delta Ties should have experienced some level of failure or fracture based on the results 
from the elemental tests, however, visual observation of the Delta Ties at the conclusion of 
each test indicated that the Delta Ties were un-damaged. This discrepancy would further 
indicate that there is some level of error in the wythe-slip data. Also, no cracking or failure 
was observed in the wall panel during or after any of the tests, which indicated that the wall 
panels remained elastic and did not experience any permanent damage. 
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Observation of the strains recorded in the Delta Ties during the full-scale thermal test 
indicated that the Delta Tie at Location A, within the wall panel, experienced the largest 
strains. The Delta Ties at this location were expected to experience the largest strains based 
on the configuration of the test set-up with the restrained end forcing the largest 
displacements and strains to the free end of the wall panel. The Delta Tie strain results at 
Location A, reported in Chapter 4, show axial strains ranging from 2619 to3784 microstrains 
in the diagonal members and axial strains ranging from 2731 to 5519 microstrains at the 
intersection of the diagonal members. The strain results from the intersection of the diagonal 
members may not have been as reliable as the strains recorded at the mid-point of each 
diagonal because the biaxial strain gages used could not be directly aligned with the 
centerlines of each diagonal member; therefore, may not have been measuring the true axial 
strains in each direction through the intersection of the diagonal members. 
The measured strains recorded during the elemental fatigue tests for parallel tie 
orientation ranged from 1692 to 3860 microstrains at the "1/2 Peak" displacement (-0.03125 
inches). The theoretical strains obtained from the finite element analysis of the Delta Tie 
with parallel tie orientation ranged from 8513 to 8567 microstrains at the "1/2 Peak" 
displacement. Comparison of the measured Delta Tie strains recorded during the full-scale 
thermal tests with the strains from the elemental tests indicates that the slip-displacement 
between wythes was approximately 0.03125 inches, the "1/2 Peak" displacement, and 
confirms that the ties did not reach a large enough in-plane displacement to result in fracture 
or failure. 
The performance of the Delta Ties in the full-scale thermal tests may have been 
influenced by the chemical bond that remained between the insulation layer and concrete 
wythes, but based on the test results reported herein, the Delta Ties experienced lower in-
plane displacements than anticipated and performed adequately at a temperature differential 
of AT =100°F. Refer to Chapter 7 for future research recommendations to improve upon the 
research described in this report. 
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6.2. Elemental Fatigue Tests 
Results of the elemental fatigue test were somewhat inconclusive with respect to 
fatigue behavior since the Delta Ties appeared to experience some degree of fracture or 
failure during the first cycle of each test. The potential fracture drastically reduced the in-
plane load carrying capacity of the Delta Ties for the remaining cycles of the test; however, 
based on visual observation throughout the tests, the Delta Ties with parallel tie orientation 
were still able to provide some level of mechanical anchorage normal to the plane of the 
specimen, preventing complete separation of the concrete wythes. Out-of-plane load testing 
was not performed within the scope of this research, therefore the tensile capacity of the 
Delta Tie was not quantified in this report. Results from the elemental fatigue tests and finite 
element analysis are compared and discussed in the following sections. Refer to Figure 1.4 
for an illustration of parallel and perpendicular tie orientation. 
6.2.1. Parallel Tie Orientation 
The load vs. displacement results for the first half of the first cycle in the elemental 
fatigue tests and the finite element analysis with parallel tie orientation are plotted in Figure 
6.3. This plot represents the load vs. displacement data for two Delta Ties, as used in the 
elemental tests. The finite element results display a theoretical representation of the Delta 
Tie response assuming full strength and linear elastic behavior. The test results appear to 
follow the slope of the theoretical behavior up to the point of "Potential Fracture" 
displacement (0.043 inches), where a sudden decrease in strength is displayed. Data was not 
recorded as frequently during the testing of the Parallel 2 specimen, which most likely 
explains why the sudden strength decrease is not displayed at the "Potential Fracture" 
displacement for this plot. Otherwise, the three specimens exhibit roughly the same response 
throughout the test, indicating consistent behavior and results. 
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Elemental Fatigue Test 
Parallel Tie Orientation - Cycle 1 
Parallel 1 Parallel 2 Parallel 3 Theoretical | 
10000 
8000 
6000 
! 
4000 
2000 
0.0000 0.0125 0.0250 0.0375 0.0500 0.0625 
Displacement (in.) 
Figure 6.3. Parallel tie orientation - load vs. displacement comparisons. 
The peak loadings experienced by the Delta Tie during the first cycle of loading may 
have been influenced by the chemical bond between the insulation layer and the concrete 
wythes. This may have caused distribution of load between both the Delta Tie and the 
surface area of the chemical bond, meaning that the recorded loads may not represent the 
actual load carrying capacity of the Delta Tie alone. After completion of the first cycle, 
sufficient visual evidence existed to determine that the chemical bond had broken and was no 
longer influencing the load distribution. Several other factors, however, may have influenced 
the in-plane load carrying capacity beyond the first cycle, including the weight of the 
specimen, friction between the insulation and concrete, and obstruction between the tie and 
the insulation layer during the first cycle of each increased displacement stage. 
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The Delta Tie strains recorded during the first cycle of the elemental fatigue tests 
were compared to the theoretical strains obtained from the finite element analysis for each 
individual strain gage. Figures 6.4 - 6.8 show plots of strain vs. displacement at the 
individual strain gage locations on each Delta Tie, as illustrated by Figure 2.19, monitored 
during the first cycle of the elemental fatigue tests. These results were displayed to illustrate 
the load distribution experienced by each Delta Tie during the elemental tests. Negative 
values indicate compression and positive values indicate tension. The strain magnitudes vary 
between gages, which may have been due to placement of the gages on the Delta Ties, 
placement of the Delta Ties within the specimen, or un-symmetric loading of the specimen. 
The slope of the theoretical strain vs. displacement plot illustrates that the theoretical 
strains obtained from the finite element analysis were about twice the magnitude of the 
recorded experimental results. This difference in magnitude may have been due to the 
improper definition of the element coordinate system and the associated orthotopic material 
properties in the ANSYS program. As previously mentioned, the element coordinate system 
was defined as parallel to the global coordinate system, therefore, the orthotopic material 
properties may not have been properly aligned with the orientation of the fibers within the 
diagonal portions of the tie. The orthotopic material properties input for the model may also 
be a source of error, since assumed values were used as opposed to actual measured data for 
the Delta Tie material. More research is required to determine the proper definition of the 
element coordinate system for orthotopic materials in the ANSYS finite element analysis 
software in order to verify that the strain results obtained for this analysis are accurate. 
Alternatively, the difference in strain magnitudes between the experimental results and the 
theoretical results obtained from the finite element analysis may have been due to inaccurate 
experimental results. 
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Strain Gage 1 
Parallel Tie Orientation 
Strain vs. Displacement 
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Figure 6.4. Parallel tie orientation - Strain Gage 1, strain vs. displacement. 
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Figure 6.5. Parallel tie orientation - Strain Gage 2, strain vs. displacement. 
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Strain Gage 3 
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Figure 6.6. Parallel tie orientation - Strain Gage 3, strain vs. displacement. 
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Figure 6.7. Parallel tie orientation - Strain Gage 4, strain vs. displacement. 
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Strain Gage 5 
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Figure 6.8. Parallel tie orientation - Strain Gage 5, strain vs. displacement. 
In summary, the results for this portion of the research indicate that in a parallel tie 
orientation, the Delta Tie has a maximum in-plane load capacity of approximately 3300 lbs 
and a maximum in-plane displacement of approximately 0.043 inches prior to experiencing 
loss of load capacity. These results are based on an un-broken bond between the insulation 
layer and concrete wythes. The fatigue results of this test indicate that the Delta Tie 
exhibited very little in-plane load capacity after exceeding the maximum allowable 
displacement. The Delta Tie with parallel tie orientation did, however, maintain a 
mechanical connection between the concrete wythes throughout the entire test, preventing 
complete separation of the concrete wythes. See Chapter 7 for future research 
recommendations to improve upon the research described in this report. 
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6.2.2. Perpendicular Tie Orientation 
The load vs. displacement results for the first half of the first cycle in the elemental 
fatigue tests with perpendicular tie orientation are plotted in Figure 6.9. This plot represents 
the load vs. displacement data for two Delta Ties. The test results appear to follow 
approximately the same slope up to the point of "Potential Fracture" displacement (0.027 
inches), where a decrease in strength and a change in slope were displayed. All three 
specimens exhibit roughly the same response throughout the test, indicating consistent 
behavior and results. The same chemical bond and load distribution issues as discussed with 
the parallel tie orientation existed in the testing for the perpendicular tie and may have had an 
influence on the test results. 
Load vs. Displacement 
Elemental Fatigue Test 
Perpendicular Tie Orientation - Cycle 1 
Perpendicular 1 Perpendicular 2 Perpendicular 3 | 
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Displacement (in.) 
Figure 6.9. Perpendicular tie orientation - load vs. displacement comparisons. 
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The Delta Tie strains recorded during the first cycle of the elemental fatigue tests 
were compared for each individual strain gage. Figures 6.10 - 6.13 show plots of strain vs. 
displacement at the individual strain gage locations on each Delta Tie, as illustrated in Figure 
2.19, monitored during the first cycle of the elemental fatigue tests. These results were 
displayed to illustrate the load distribution experienced by each Delta Tie during the 
elemental tests. Negative values indicate compression and positive values indicate tension. 
The strain magnitudes vary between gages, which may have been due to placement of the 
gages on the Delta Ties, placement of the Delta Ties within the specimen, or un-symmetric 
loading of the specimen. 
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ngure 6.10. Perpendicular tie orientation - Strain Gage 1, strain vs. displacement. 
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Strain Gage 2 
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ngure 6.11. Perpendicular tie orientation - Strain Gage 2, strain vs. displacement. 
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"igure 6.12. Perpendicular tie orientation - Strain Gage 3, strain vs. displacement. 
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Strain Gage 4 
Perpendicular Tie Orientation 
Strain vs. Displacement 
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ngure 6.13. Perpendicular tie orientation - Strain Gage 4, strain vs. displacement. 
In summary, the results for this portion of the research indicate that in a perpendicular 
tie orientation, the Delta Tie has a maximum in-plane load capacity of approximately 3000 
lbs and a maximum in-plane displacement of approximately 0.027 inches prior to 
experiencing loss of load capacity. These results are based on an un-broken bond between 
the insulation layer and concrete wythes. The fatigue results of this test indicate that the 
Delta Tie lost all load carrying capacity, both in-plane and out-of-plane, prior to the 
completion of the cyclic loading, meaning that no mechanical connection existed between the 
concrete wythes. See Chapter 7 for future research recommendations to improve upon the 
research described in this report. 
Based on the results of this research, the recommended orientation for Delta Ties used 
in composite sandwich wall construction is the parallel tie orientation. 
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7. FUTURE RECOMMENDATIONS 
Based on the conclusions of this report and the results obtained through the testing 
portions of this project, several recommendations have been made to improve the testing 
procedures for future research. Additional testing utilizing the following recommendations 
would help to isolate the Delta Tie behavior in each test resulting in more significant data for 
determining the performance capabilities of the Delta Tie through the life of a structure. 
7.1. Full-scale Thermal Test 
Three recommendations are made to improve upon the full-scale thermal test. The 
first recommendation is to construct additional comparison specimens with no chemical bond 
between the insulation layer and the concrete wythes. Eliminating the chemical bond would 
ensure that all of the load transfer between wythes is through the Delta Ties and not through 
the bond between insulation and concrete. Isolating the load transfer to mainly the Delta Ties 
will help to determine the level of composite behavior provided by the Delta Ties in the wall 
panel. The same panel configuration should be used for the un-bonded situation so as to 
provide a direct comparison to the bonded sandwich wall system. Also, an un-bonded 
situation will more accurately represent the condition of an actual wall panel after several 
years of thermal cycling. 
The second recommendation follows the same idea of more accurately representing 
the condition of an actual wall panel after several years of thermal cycling. In order to 
simulate this behavior, the full-scale thermal test would need to be cycled. Using the testing 
procedure described in this report, one cycle would require approximately 24 hours; 
therefore, full-scale thermal cycling would require a considerable amount of time. This 
thermal cycling recommendation would be more cumbersome to conduct, so the number of 
cycles may need to be somewhat limited; however, this thermal cycling would more 
accurately represent Delta Tie fatigue behavior in an actual wall panel. As an alternative to 
using the thermal cycling, an equivalent deflection cycling technique; whereby, the same 
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deflection resulting from the thermal displacement would be used for a defined number of 
cycles and adjusted again based on a thermal cycle conducted periodically during the test 
sequence. 
The third recommendation for improving the full-scale thermal test is to provide a 
more efficient method for measuring wythe-slip. The use of displacement transducers with 
wire extensions introduced a large amount of error into the test data through rotation of the 
wall panel and interference with the thermal enclosure. A better method may be to use a 
DCDT mounted on a steel rod attached to one wythe, measuring the displacement of the 
other wythe as illustrated in Figure 7.1. This method would require less instrumentation and 
would eliminate the errors introduced by rotation of the wall panel, however, would require 
more space at the end of the thermal enclosure for the instrumentation to be mounted. 
Structural Wythe 
Steel rod mounted to 
Structural Wythe 
_n_ 
DCDT 
Aw 
wythe-slip 
Insulation Layer 
Curtain Wythe 
Figure 7.1. Recommended new wythe-slip measurement. 
Additionally, the author recommends load testing of full-scale wall panels to verify 
composite behavior at predetermined magnitudes of displacement for comparison with the 
behavior observed during the full-scale thermal test. The wall panels to be load tested should 
have the exact same configuration as the wall panels used in the thermal test, including 
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dimensions and Delta Tie spacing, in order to make direct comparisons between the two test 
procedures. To observe the true composite behavior, the wall panels constructed for load 
testing should include a bond break between the insulation layer and concrete wythes to 
eliminate the chemical bond and force all load transfer between wythes to be occur through 
the Delta Ties. Comparison between a load test and the thermal test will help to further 
determine the behavior of the Delta Ties within a full-scale wall panel subjected to thermal 
loading. 
7.2. Elemental Fatigue Test 
Two recommendations are made to improve the elemental fatigue test; the first of 
which is to construct the specimens with no chemical bond between the concrete wythes and 
the insulation layer. Elimination of this bond would again ensure that all of the shear load 
transfer is through the Delta Ties, resulting in more accurate load vs. displacement behavior 
for the tie. The bond between the insulation and concrete (in the specimens made in this 
investigation) was absorbing load and storing energy resulting in a sudden transfer of load, or 
impact, to the Delta Ties once the bond was broken. With an un-bonded specimen, the 
impact load is eliminated, along with the minimization of friction between the concrete and 
insulation. With these factors isolated, the load vs. displacement data should be completely 
due to the shear transfer capabilities of the Delta Ties. 
The second recommendation is to begin the cyclic loading of the specimens at 
much smaller displacements, increasing at smaller increments. Keeping the ties below the 
fracture point and in the elastic range will help to obtain better load vs. displacement data 
throughout several cycles and will help to better determine the fatigue characteristics of the 
ties. 
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7.3. Theoretical Analysis 
Prior to performing more computer analysis on the Delta Tie specimens, the 
recommendation is made to perform lab testing for determination of the actual material 
properties of the FRP Delta Ties. The actual orthotopic material properties can then be more 
accurately modeled in the computer program and will yield more accurate results. 
Additional research using finite element analysis is also recommended in order to 
verify the use of orthotopic material properties and the proper definition of the element 
coordinate system. Analysis should be performed using known material properties and 
model behavior in order to verify the input and results obtained from the analysis. 
7.4. General Delta Tie Recommendations 
The Delta Ties were tested in both the parallel and perpendicular directions, as illustrated in 
Figure 1.4. Delta Ties with parallel orientation performed very well. Delta Ties with 
perpendicular orientation did not perform as well as those with parallel orientation and more 
research is needed to better determine the capabilities of the Delta Tie with perpendicular 
orientation. Examples of consideration for possible improvements for the use of the Delta 
Tie with perpendicular orientation might consist of the following items: 
• Increasing the thickness of the tie. 
• Reconfiguring the geometry of the Delta Tie to provide horizontal members 
spanning across the insulation layer when the tie is oriented in a perpendicular 
position; similar to the top and bottom members of the Delta Tie in the 
parallel position. 
• Using fiber and resin with different strength characteristics and/or different 
fabrication techniques to provide more strength at the intersections of the 
Delta Tie. 
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• Providing more research on the Delta Tie with perpendicular orientation 
including varied spacing dimensions to obtain a more definitive range of 
strength characteristics and displacement behavior. 
The intent of the previously suggested examples is to offer potential improvements on future 
research for the use of Delta Ties with perpendicular orientation. These suggestions do not 
imply that the Delta Tie will not perform in an adequate fashion if used in the perpendicular 
orientation, but recommend that more research be performed prior to guaranteeing the Delta 
Tie's performance in this application. The results discussed in this report do not support the 
use of the Delta Tie with perpendicular orientation in situations with large in-plane shear 
forces and/or displacements nor do they support the use of the Delta Tie with perpendicular 
orientation in situations with a large number of thermal cycles throughout the life of a 
structure. For the purpose of making continued improvements to the Delta Tie for use in 
composite sandwich wall construction, the author recommends that additional parameter 
changes and changes to the Delta Tie configuration continue to be modeled with finite 
element analysis, as was utilized in this investigation. 
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Concrete Compressive Strengths 
(Specified fc = 4000 psi) 
Table A.l. Wall Panel 1 - concrete compressive strength results. 
Structural Wythe1 Curtain Wythe2 
Wall Panel 1 (8/17/05) (8/18/05) 
7-Day 
8/24/2005 
28-Day 
9/16/2005 
7-Day 
8/26/2005 
28-Day 
9/16/2005 
Test 1 5228 6242 4600 5506 
fc Test 2 5314 6376 4600 5372 
(psi) Test 3 5475 6039 4600 5411 
Ave = 5339 6219 4600 5430 
1 Structural Wythe - Added 2 gallons of superplasticizer and 6 gallons of water to 8 cubic 
yards of concrete. Retarder added at the plant. 
2 Curtain Wythe - Added 5 gallons to 2.5 cubic yards of concrete. 
Table A.2. Wall Panel 2 - concrete compressive strength results. 
Structural Wythe1 Curtain Wythe2 
Wall Panel 9 (8/17/05) (8/18/05) 
7-Day 28-Day 7-Day 28-Day 
8/24/2005 9/16/2005 8/26/2005 9/16/2005 
Test 1 4974 5850 4600 5506 
fc Test 2 4760 5938 4600 5372 
(psi) Test 3 4719 5973 4600 5411 
Ave = 4818 5920 4600 5430 
1 Structural Wythe - Added 4 gallons of water to the remaining 4 cubic yards of concrete, 
in addition to what was added for the Wall Panel 1 structural wythe. 
2 Curtain Wythe - Added 5 gallons to 2.5 cubic yards of concrete. 
Table A.3. Wall Panel 3 & Elemental Specimens - concrete compressive strength results. 
Wall Panel 3 
& 
Elemental Specimens 
Structural Wythe1 
(10/7/05) 
Curtain Wythe2 
(10/7/05) 
7-Day 
10/14/2005 
Actual 
2/22/2006 
7-Day 
10/14/2005 
Actual 
2/22/2006 
Test 1 3943 5550 6156 8367 
fc Test 2 3892 5519 6174 8271 
(psi) Test 3 3850 5700 6081 8267 
Ave = 3895 5590 6137 8302 
1 Curtain Wythe & Elemental Specimens were cast from the same batch. Added 
approximately 3 gallons of water to 3 cubic yards of concrete. 
2 Structural Wythe - Added 2.5 gallons of water to 2 cubic yards of concrete. 
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Delta Tie Material Specifications [7] 
Resin 
The resin is to be a bisphenol A type epoxy vinyl ester resin to provide an excellent corrosion 
resistance to concrete alkalinity. A clear casting of the cured resin is to have the following 
properties: 
Table A.4. Resin material properties for Delta Tie. 
Property Minimum Maximum Units 
Tensile Strength 11,000 (76) 14,000 (96.5) psi (Mpa) 
Tensile Modulus 400,000 (2750) 520,000 (3600) psi (Mpa) 
Tesnsile Elongation 5 6.7 % 
Flexural Strength 17,000 (117) 22,000 (152) psi (Mpa) 
Flexural Modulus 450,000 (3100) 500,000 (3450) psi (Mpa) 
Heat Distortion Temp. 220 (105) 230 (110) °F (°C) 
Barcol Hardness 30 38 
Fiberglass 
The fiberglass is to be an alkali resistant fiberglass designed for reinforcement in cementitious 
and other alkaline matrices. The fiberglass is to have the following properties: 
Table A.5. Fiberglass material properties for Delta Tie. 
Property Value Units 
Diameter 5.709 x 10s (1.45) in (|xm) 
Tex 84.66 (2400) oz. (g) 
Stiffness 5.12 (130) Min. in (Min. mm) 
Max. Water Content 0.1 % by wt. 
Strength 134.9 (600) Min. lbs (N) / Roving 
Tensile Strength 203,053 (1.4) psi (GN/m2) 
Young's Modulus 10,732,793 (74) psi (GN/m2) 
Min. Strain to Failure 2 % 
Min. Zr02 Content 19 % by wt. 
Insulation Properties 
STYROFOAM® Scoreboard - Trademark of The Dow Chemical Company 
Table A.6. Physical Properties of STYROFOAM® Scoreboard. [15] 
Property Value Units ASTM Method 
Thermal Resistance 
(Aged R-Value per inch @ 75°F Mean Temperature) 5 °F*ft2*h/Btu C 518 
Compressive Strength (minimum) 25 psi 0 1621 
Water Absorption (maximum) 0.1 % by volume C272 
Water Vapor Permeance 1.1 perms E 96 
Maximum Operating Temperature 165 °F -
Coefficient of Linear Thermal Expansion 3.5x10"5 in./in. °F -
Flexural Strength (minimum) 50 psi C 203 
Dimensional Stability (maximum) 2 % linear change D 2126 
Flame Spread 5 - E 84 
Smoke Development 165 
-
E 84 
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Wall Panel 1 
Concrete Strain Gages 
40'-0" 
o'-o" o'-o" 6-0" 
IG-1C IG-1A ;g—1 b 
eg-1c-EG-1A-S eg-
EG-1A-C eg-1b-c EG-1C-C 
IG-1A-C IG-1C-C 
delta tie 1a delta tie 1b delta tie 1c 
2-SURFACE GAGES & 
2-EMBEDMENT GAGES 
2-SURFACE GAGES & 
2-EMBEDMENT GAGES 
2-SURFACE GAGES & 
2-EMBEDMENT GAGES 
WALL PANEL 1 
Figure B.l. Wall Panel 1 - layout of strain gage locations. 
Table B. 1. Wall Panel 1 - embedment strain gage designations and properties. 
Embedment Gages 
Structural Wythe Curtain Wythe 
EG-1A-S EG-1B-S EG-1 C-S EG-1A-C EG-1 B-C EG-1C-C 
Resistance (Ohms) 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 
Gage Factor 2.10 2.10 2.10 2.10 2.10 2.10 
Type PML-60 PML-60 PML-60 PML-60 PML-60 PML-60 
Length (mm) 60 60 60 60 60 60 
Lot Number 522711 522711 522711 522711 522711 522711 
Table B.2. Wall Panel 1 - surface strain gage designations and properties. 
Surface Gages 
Structural Wythe Curtain Wythe 
SG-1A-S SG-1B-S SG-1 C-S SG-1A-C SG-1 B-C SG-1C-C 
Resistance (Ohms) 120 120 120 120 120 120 
Gage Factor 2.14 2.14 2.16 2.14 2.14 2.16 
Type F-2400 F-2400 F-2400 F-2400 F-2400 F-2400 
Length (mm) 2.4 2.4 2.4 2.4 2.4 2.4 
Lot Number 
Wall Panel 1 
Delta Tie Strain Gages 
1  A3  A4-
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1A2  
DELTA TIE 1A 
B4—1 
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C4-1 & 
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DELTA TIE 1C 
Figure B.2. Delta Tie 1A - strain gage labels. Figure B.3. Delta Tie IB - strain gage labels. Figure B.4. Delta Tie 1C - strain gage labels. 
to 
Table B.3. Wall Panel 1 - Delta Tie axial strain gage designations and properties. 
Axial Gages 
1A1 1A2 1A3 1B1 1B2 1B3 1C1 1C2 1C3 
Resistance (Ohms) 
Gage Factor 
T ransverse Sensitivity 
Code 
Type 
Lot Number 
120.0 ±0.3% 
2.070 ± 0.5% 
(+1.1 ±0.2)% 
091415-3165 
CEA-06-125UW-120 
R-A58AD813 
120.0 ±0.3% 
2.070 ± 0.5% 
(+1.1 ±0.2)% 
091415-3165 
CEA-06-125UW-120 
R-A58AD813 
120.0 ±0.3% 
2.070 ± 0.5% 
(+1.1 ±0.2)% 
091415-3165 
CEA-06-125UW-120 
R-A58AD813 
120.0 ±0.3% 
2.045 ± 0.5% 
(+0.1 ± 0.2)% 
991118 
CEA-06-250UW-120 
R-A38AD628 
120.0 ±0.3% 
2.045 ± 0.5% 
(+0.1 ± 0.2)% 
991118 
CE A-06-250UW-120 
R-A38AD628 
120.0 ±0.3% 
2.045 ± 0.5% 
(+0.1 ± 0.2)% 
991118 
CEA-06-250UW-120 
R-A38AD628 
120.0 ±0.3% 
2.065 ± 0.5% 
(+0.6 ± 0.2)% 
103019-3128 
CEA-06-125UN-120 
R-A58AD826 
120.0 ±0.3% 
2.065 ± 0.5% 
(+0.6 ± 0.2)% 
103019-3128 
CEA-06-125UN-120 
R-A58AD826 
120.0 ±0.3% 
2.065 ± 0.5% 
(+0.6 ± 0.2)% 
103019-3128 
CEA-06-125UN-120 
R-A58AD826 
Table B.4. Wall Panel 1 - Delta Tie biaxial strain gage designations and properties. 
Biaxial Gages 
1A4-1 1A4-3 1B4-1 1B4-3 1C4-1 1C4-3 
Resistance (Ohms) 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 
Gage Factor -1 2.045 ± 0.5% 2.045 ± 0.5% 2.025 ± 0.5% 2.025 ± 0.5% 2.025 ± 0.5% 2.025 ± 0.5% 
Transverse Sensitivity • (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.4 ±0.2)% (+1.4 ±0.2)% (+1.4 ±0.2)% (+1.4 ±0.2)% 
Gage Factor - 2 2.070 ± 0.5% 2.070 ± 0.5% 2.050 ± 0.5% 2.050 ± 0.5% 2.050 ± 0.5% 2.050 ± 0.5% 
Transverse Sensitivity • (+1.2 ±0.2)% (+1.2 ±0.2)% (+0.6 ± 0.2)% (+0.6 ± 0.2)% (+0.6 ± 0.2)% (+0.6 ± 0.2)% 
Nominal Gage Factor 2.06 ± 1.5% 2.06 ± 1.5% 2.04 ± 1.0% 2.04 ± 1.0% 2.04 ± 1.0% 2.04 ± 1.0% 
Code 071615-3152 071615-3152 993412 993412 993412 993412 
Type CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 
Lot Number R-A58AD17 R-A58AD17 R-A38AD617 R-A38AD617 R-A38AD617 R-A38AD617 
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Figure B.5. Wall Panel 2 - layout of strain gage locations. 
Table B.5. Wall Panel 2 - embedment strain gage designations and properties. 
Embedment Gages 
Structural Wythe Curtain Wythe 
EG-2A-S EG-2B-S EG-2C-S EG-2A-C EG-2B-C EG-2C-C 
Resistance (Ohms) 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 
Gage Factor 2.14 2.14 2.14 2.14 2.14 2.10 
Type PML-120 PML-120 PML-120 PML-120 PML-120 PML-60 
Length (mm) 120 120 120 120 120 60 
Lot Number B533911 B533911 B533911 B533911 B533911 522711 
Table B.6. Wall Panel 2 - surface strain gage designations and properties. 
Surface Gages 
Structural Wythe Curtain Wythe 
SG-2A-S SG-2B-S SG-2C-S SG-2A-C SG-2B-C SG-2C-C 
Resistance (Ohms) 120 120 120 120 120 120 
Gage Factor 2.16 2.16 2.16 2.16 2.16 2.16 
Type F-2400 F-2400 F-2400 F-2400 F-2400 F-2400 
Length (mm) 2.4 2.4 2.4 2.4 2.4 2.4 
Lot Number 
Wall Panel 2 
Delta Tie Strain Gages 
DELTA TIE 2C DELTA TIE 2A DELTA TIE 2B 
Figure B.6. Delta Tie 2A - strain gage labels. Figure B.7. Delta Tie 2B - strain gage labels. Figure B.8. Delta Tie 2C - strain gage labels. 
-Pa. 
-Pa. 
Table B.7. Wall Panel 2 - Delta Tie axial strain gage designations and properties. 
Axial Gages 
2A1 2A2 2A3 2B1 2B2 2B3 2C1 2C2 2C3 
Resistance (Ohms) 
Gage Factor 
T ransverse Sensitivity 
Code 
Type 
Lot Number 
120.0 ±0.3% 
2.085 ± 0.5% 
(+0.2 ± 0.2)% 
122319-3203 
CEA-06-250UN-120 
A44AD804 
120.0 ±0.3% 
2.085 ± 0.5% 
(+0.2 ± 0.2)% 
122319-3203 
CEA-06-250UN-120 
A44AD804 
120.0 ±0.3% 
2.085 ± 0.5% 
(+0.2 ± 0.2)% 
122319-3203 
CEA-06-250UN-120 
A44AD804 
120.0 ±0.3% 
2.085 ± 0.5% 
(+0.2 ± 0.2)% 
122319-3203 
CE A-06-250U N-120 
A44AD804 
120.0 ±0.3% 
2.075 ± 0.5% 
(+1.5 ±0.2)% 
091917-3095 
CE A-06-062UW-120 
R-A58AD814 
120.0 ±0.15% 
2.10 ±0.5% 
(+1.0)% 
891918 
EA-13-125AD-120 
R-A19AF09 
120.0 ±0.3% 
2.070 ± 0.5% 
(+1.1 ±0.2)% 
091415-3165 
CEA-06-125UW-120 
R-A58AD813 
120.0 ±0.3% 
2.085 ± 0.5% 
(+0.6 ± 0.2)% 
042222-3696 
CEA-06-250UW-120 
R-A56AD108 
120.0 ±0.3% 
2.070 ± 0.5% 
(+1.1 ±0.2)% 
091415-3165 
CEA-06-125UW-120 
R-A58AD813 
Table B.8. Wall Panel 2 - Delta Tie biaxial strain gage designations and properties. 
Biaxial Gages 
2A4-1 2A4-3 2B4-1 2B4-3 2C4-1 2C4-3 
Resistance (Ohms) 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 
Gage Factor -1 2.045 ± 0.5% 2.045 ± 0.5% 2.045 ± 0.5% 2.045 ± 0.5% 2.045 ± 0.5% 2.045 ± 0.5% 
Transverse Sensitivity • (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.9 ±0.2)% 
Gage Factor - 2 2.070 ± 0.5% 2.070 ± 0.5% 2.070 ± 0.5% 2.070 ± 0.5% 2.070 ± 0.5% 2.070 ± 0.5% 
Transverse Sensitivity • (+1.2 ±0.2)% (+1.2 ±0.2)% (+1.2 ±0.2)% (+1.2 ±0.2)% (+1.2 ±0.2)% (+1.2 ±0.2)% 
Nominal Gage Factor 2.06 ± 1.5% 2.06 ± 1.5% 2.06 ± 1.5% 2.06 ± 1.5% 2.06 ± 1.5% 2.06 ± 1.5% 
Code 071615-3152 071615-3152 071615-3152 071615-3152 071615-3152 071615-3152 
Type CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 
Lot Number R-A58AD17 R-A58AD17 R-A58AD17 R-A58AD17 R-A58AD17 R-A58AD17 
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Figure B.9. Wall Panel 3 - layout of strain gage locations. 
Table B.9. Wall Panel 3 - embedment strain gage designations and properties. 
Embedment Gages 
Structural Wythe Curtain Wythe 
EG-3A-S EG-3B-S EG-3C-S EG-3A-C EG-3B-C EG-3C-C 
Resistance (Ohms) 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 120.0 ±0.5% 
Gage Factor 2.10 2.10 2.10 2.10 2.10 2.10 
Type PML-60 PML-60 PML-60 PML-60 PML-60 PML-60 
Length (mm) 60 60 60 60 60 60 
Lot Number B533911 B533911 B533911 B533911 B533911 522711 
Table B. 10. Wall Panel 3 - surface strain gage designations and properties. 
Surface Gages 
Structural Wythe Curtain Wythe 
SG-3A-S SG-3B-S SG-3C-S SG-3A-C SG-3B-C SG-3C-C 
Resistance (Ohms) 120 120 120 120 120 120 
Gage Factor 2.14 2.14 2.14 2.14 2.14 2.14 
Type F-2400 F-2400 F-2400 F-2400 F-2400 F-2400 
Length (mm) 2.4 2.4 2.4 2.4 2.4 2.4 
Lot Number 
Wall Panel 3 
Delta Tie Strain Gages 
3 A  3 C  
DELTA TIE 3C DELTA TIE 3A DELTA TIE 3B 
Figure B. 10. Delta Tie 3A - strain gage labels. igureB.ll. Delta Tie 3B - strain gage labels. Figure B. 12. Delta Tie 3C - strain gage labels. 
-Pa. 
ON 
Table B.ll. Wall Panel 3 - Delta Tie axial strain gage designations and properties. 
Axial Gages 
3A1 3A2 3A3 3B1 3B2 3B3 3C1 3C2 3C3 
Resistance (Ohms) 
Gage Factor 
Transverse Sensitivity 
Code 
Type 
Lot Number 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
120.0 ±0.15% 
2.03 ± 0.5% 
(+0.2 )% 
122319-3203 
EA-06-250BG-120 
R-A38AD266 
Table B. 12. Wall Panel 3 - Delta Tie biaxial strain gage designations and properties. 
Biaxial Gages 
3A4-1 3A4-3 3B4-1 3B4-3 3C4-1 3C4-3 
Resistance (Ohms) 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 120.0 ±0.4% 
Gage Factor -1 2.045 ± 0.5% 2.045 ± 0.5% 2.045 ± 0.5% 2.045 ± 0.5% 2.045 ± 0.5% 2.045 ± 0.5% 
Transverse Sensitivity • (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.9 ±0.2)% (+1.9 ±0.2)% 
Gage Factor - 2 2.070 ± 0.5% 2.070 ± 0.5% 2.070 ± 0.5% 2.070 ± 0.5% 2.070 ± 0.5% 2.070 ± 0.5% 
Transverse Sensitivity • (+1.2 ±0.2)% (+1.2 ±0.2)% (+1.2 ±0.2)% (+1.2 ±0.2)% (+1.2 ±0.2)% (+1.2 ±0.2)% 
Nominal Gage Factor 2.06 ± 1.5% 2.06 ± 1.5% 2.06 ± 1.5% 2.06 ± 1.5% 2.06 ± 1.5% 2.06 ± 1.5% 
Code 071615-3152 071615-3152 071615-3152 071615-3152 071615-3152 071615-3152 
Type CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 CEA-06-125UT-120 
Lot Number R-A58AD17 R-A58AD17 R-A58AD17 R-A58AD17 R-A58AD17 R-A58AD17 
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Figure B.13. Elemental Specimens - Delta Tie strain gage 
labels for parallel tie orientation. 
Table B.13. Elemental Specimens - Delta Tie strain gage designations and properties for parallel tie 
orientation. 
Par1-1 
1 2 3 4 5 
Resistance (Ohms) 120.0 ±0.15% 120.0 ±0.15% 120.0 ±0.15% 120.0 ±0.15% 120.0 ±0.15% 
Gage Factor 2.03 ± 0.5% 2.03 ± 0.5% 2.03 ± 0.5% 2.03 ± 0.5% 2.03 ± 0.5% 
Transverse Sensitivity (+0.2 )% (+0.2 )% (+0.2 )% (+0.2 )% (+0.2 )% 
Code 12231&3203 12231&3203 12231&3203 12231&3203 12231&3203 
Type EA-06-250BG-120 EA-06-250BG-120 EA-06-250BG-120 EA-06-250BG-120 EA-06-250BG-120 
Lot Number R-A38AD266 R-A38AD266 R-A38AD266 R-A38AD266 R-A38AD266 
Par1-2 
1 2 3 4 5 
Resistance (Ohms) 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 
Gage Factor 2.085 ± 0.5% 2.085 ±0.5% 2.085 ±0.5% 2.085 ±0.5% 2.075 ±0.5% 
Transverse Sensitivity (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+1.5 ±0.2)% 
Code 12231&3203 12231&3203 12231&3203 12231&3203 091917-3095 
Type CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-062UW-120 
Lot Number A44AD804 A44AD804 A44AD804 A44AD804 R-A58AD814 
Par 3-1 
1 2 3 4 5 
Resistance (Ohms) 120.0 ±0.15% 120.0 ±0.15% 120.0 ±0.15% 120.0 ±0.15% 120.0 ±0.15% 
Gage Factor 2.03 ± 0.5% 2.03 ± 0.5% 2.03 ± 0.5% 2.03 ± 0.5% 2.03 ± 0.5% 
Transverse Sensitivity (+0.2 )% (+0.2 )% (+0.2 )% (+0.2 )% (+0.2 )% 
Code 12231&3203 12231&3203 12231&3203 12231&3203 12231&3203 
Type EA-06-250BG-120 EA-06-250BG-120 EA-06-250BG-120 EA-06-250BG-120 EA-06-250BG-120 
Lot Number R-A38AD266 R-A38AD266 R-A38AD266 R-A38AD266 R-A38AD266 
Par3-2 
1 2 3 4 5 
Resistance (Ohms) 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 
Gage Factor 2.085 ± 0.5% 2.085 ±0.5% 2.085 ±0.5% 2.085 ±0.5% 2.075 ±0.5% 
Transverse Sensitivity (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+1.5 ±0.2)% 
Code 12231&3203 12231&3203 12231&3203 12231&3203 091917-3095 
Type CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-062UW-120 
Lot Number A44AD804 A44AD804 A44AD804 A44AD804 R-A58AD814 
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Figure B.14. Elemental Specimens - Delta Tie strain gage 
labels for perpendicular tie orientation. 
Table B.14. Elemental Specimens - Delta Tie strain gage designations and properties 
for perpendicular tie orientation. 
Perp1-1 
1 2 3 4 
Resistance (Ohms) 120.0 ± 0.3% 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 
Gage Factor 2.085 ± 0.5% 2.085 ± 0.5% 2.085 ± 0.5% 2.085 ± 0.5% 
Transverse Sensitivity (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% 
Code 122319-3203 122319-3203 122319-3203 122319-3203 
Type CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 
Lot Number A44AD804 A44AD804 A44AD804 A44AD804 
Perp1-2 
1 2 3 4 
Resistance (Ohms) 120.0 ± 0.3% 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 
Gage Factor 2.085 ± 0.5% 2.085 ± 0.5% 2.085 ± 0.5% 2.085 ± 0.5% 
Transverse Sensitivity (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% 
Code 122319-3203 122319-3203 122319-3203 122319-3203 
Type CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 
Lot Number A44AD804 A44AD804 A44AD804 A44AD804 
Perp3-1 
1 2 3 4 
Resistance (Ohms) 120.0 ± 0.3% 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 
Gage Factor 2.085 ± 0.5% 2.085 ± 0.5% 2.085 ± 0.5% 2.085 ± 0.5% 
Transverse Sensitivity (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% 
Code 122319-3203 122319-3203 122319-3203 122319-3203 
Type CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 
Lot Number A44AD804 A44AD804 A44AD804 A44AD804 
Perp3-2 
1 2 3 4 
Resistance (Ohms) 120.0 ± 0.3% 120.0 ±0.3% 120.0 ±0.3% 120.0 ±0.3% 
Gage Factor 2.085 ± 0.5% 2.085 ± 0.5% 2.085 ± 0.5% 2.085 ± 0.5% 
Transverse Sensitivity (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% (+0.2 ± 0.2)% 
Code 122319-3203 122319-3203 122319-3203 122319-3203 
Type CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 CEA-06-250UN-120 
Lot Number A44AD804 A44AD804 A44AD804 A44AD804 
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Wall Panel 1 
Full-scale Thermal Test 
Temperature Readings 
January 24, 2006 
Table C.l. Wall Panel 1 - Temperature Readings. 
Time 
Temperature (°F) 
Free End Middle Restrained End 
Hot Cold Hot Embed Cold Hot Cold 
0:00 57.0 58.7 57.3 56.9 59.3 57.1 58.5 
0:15 78.9 58.2 83.2 59.2 58.3 81.5 57.5 
0:30 90.2 58.3 94.5 69.0 58.1 93.1 57.4 
0:45 98.6 57.9 105.4 80.1 58.3 101.8 57.1 
1:00 107.0 58.6 115.0 89.4 58.5 110.1 57.5 
1:15 114.6 58.9 123.2 98.3 58.9 117.6 57.9 
1:30 121.3 58.7 131.2 107.0 58.6 124.1 58.0 
1:45 128.3 58.5 138.8 115.5 58.9 131.3 57.8 
2:00 134.4 58.5 145.5 122.3 58.8 137.5 58.1 
2:15 140.3 58.7 151.8 129.4 58.7 143.9 58.0 
2:30 146.7 58.6 158.6 136.0 58.8 150.3 58.0 
2:45 152.0 58.7 163.7 142.3 58.7 155.2 58.0 
3:00 157.6 58.9 169.5 148.0 59.0 160.6 58.3 
3:15 162.3 58.6 173.9 153.5 58.7 165.1 58.0 
3:30 166.9 58.6 180.4 159.2 59.1 170.1 58.1 
3:45 171.0 58.7 182.6 162.6 59.1 174.4 58.4 
4:00 175.1 58.9 186.9 166.7 59.1 178.9 58.4 
4:15 159.9 59.0 168.3 168.6 59.3 160.0 58.9 
4:30 156.3 60.1 162.7 165.9 60.2 155.1 60.1 
4:45 154.0 60.5 159.6 164.0 60.8 152.7 61.2 
5:00 152.3 60.7 156.6 160.3 61.1 150.4 61.6 
6:00 144.7 61.8 146.8 150.2 62.0 141.2 63.2 
7:00 137.0 62.7 137.1 140.1 62.8 132.1 64.6 
8:00 130.4 63.6 130.1 132.6 63.6 124.9 65.9 
24:00 77.2 65.1 77.1 77.3 64.3 76.5 67.8 
Table C.2. Wall Panel 1 - Temperature Gradients. 
Reading Time 
Temperature (°F) 
Free End Middle Restrained End Average 
AT Hot Cold AT Hot Embed Cold AT Hot Cold AT 
1 0:00 57.0 58.7 -1.7 57.3 56.9 59.3 -2.2 57.1 58.5 -1.4 0 
2 0:15 78.9 58.2 20.7 83.2 59.2 58.3 12.9 81.5 57.5 24.0 20 
3 0:30 90.2 58.3 31.9 94.5 69.0 58.1 23.7 93.1 57.4 35.7 30 
4 0:45 98.6 57.9 40.7 105.4 80.1 58.3 34.5 101.8 57.1 44.7 40 
5 1:00 107.0 58.6 48.4 115.0 89.4 58.5 43.7 110.1 57.5 52.6 48 
6 1:15 114.6 58.9 55.7 123.2 98.3 58.9 51.9 117.6 57.9 59.7 56 
6.5 1:22 118.0 58.8 59.2 127.2 102.7 58.8 56.2 120.9 58.0 62.9 60 
7 1:30 121.3 58.7 62.6 131.2 107.0 58.6 60.5 124.1 58.0 66.1 63 
8 1:45 128.3 58.5 69.8 138.8 115.5 58.9 68.3 131.3 57.8 73.5 71 
9 2:00 134.4 58.5 75.9 145.5 122.3 58.8 75.1 137.5 58.1 79.4 77 
9.5 2:07 137.4 58.6 78.8 148.7 125.9 58.8 78.5 140.7 58.1 82.7 80 
10 2:15 140.3 58.7 81.6 151.8 129.4 58.7 81.9 143.9 58.0 85.9 83 
11 2:30 146.7 58.6 88.1 158.6 136.0 58.8 88.5 150.3 58.0 92.3 90 
12 2:45 152.0 58.7 93.3 163.7 142.3 58.7 94.3 155.2 58.0 97.2 95 
13 3:00 157.6 58.9 98.7 169.5 148.0 59.0 99.8 160.6 58.3 102.3 100 
14 3:15 162.3 58.6 103.7 173.9 153.5 58.7 105.0 165.1 58.0 107.1 105 
15 3:30 166.9 58.6 108.3 180.4 159.2 59.1 110.7 170.1 58.1 112.0 110 
16 3:45 171.0 58.7 112.3 182.6 162.6 59.1 113.5 174.4 58.4 116.0 114 
17 4:00 175.1 58.9 116.2 186.9 166.7 59.1 117.7 178.9 58.4 120.5 118 
18 4:15 159.9 59.0 100.9 168.3 168.6 59.3 109.2 160.0 58.9 101.1 104 
19 4:30 156.3 60.1 96.2 162.7 165.9 60.2 104.1 155.1 60.1 95.0 98 
20 4:45 154.0 60.5 93.5 159.6 164.0 60.8 101.0 152.7 61.2 91.5 95 
21 5:00 152.3 60.7 91.6 156.6 160.3 61.1 97.4 150.4 61.6 88.8 93 
25 6:00 144.7 61.8 82.9 146.8 150.2 62.0 86.5 141.2 63.2 78.0 82 
29 7:00 137.0 62.7 74.3 137.1 140.1 62.8 75.8 132.1 64.6 67.5 73 
33 8:00 130.4 63.6 66.8 130.1 132.6 63.6 67.8 124.9 65.9 59.0 65 
93 24:00 77.2 65.1 12.1 77.1 77.3 64.3 12.9 76.5 67.8 8.7 11 
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Table C.3. Wall Panel 2 - Temperature Readings. 
Time 
Temperature (°F) 
Free End Middle Restrained End 
Hot Cold Hot Embed Cold Hot Cold 
0:00 55.9 58.0 55.4 55.7 57.4 55.2 56.1 
0:05 69.6 61.3 75.4 56.5 58.6 73.1 56.2 
0:10 74.9 62.1 82.4 57.0 59.1 81.5 56.3 
0:15 78.3 61.0 84.9 59.6 58.5 85.7 56.5 
0:20 79.7 62.6 86.7 60.9 58.7 87.3 56.6 
0:30 83.2 61.6 89.7 65.4 59.3 91.2 56.0 
0:40 85.1 61.3 91.3 66.4 59.9 93.0 57.2 
0:50 85.3 60.6 92.4 69.0 59.1 94.1 56.1 
1:00 90.2 59.4 94.7 75.2 58.5 98.5 55.3 
1:15 94.9 60.4 97.9 80.4 59.3 102.4 56.0 
1:30 97.3 60.2 101.5 84.9 59.6 106.3 57.0 
1:45 105.3 60.4 114.5 89.4 59.1 108.4 55.3 
2:00 117.6 61.2 128.8 94.2 59.2 120.5 55.5 
2:15 124.8 61.4 136.8 101.6 59.9 126.8 55.8 
2:25 128.8 61.3 141.3 107.3 60.3 129.5 56.5 
2:35 134.2 62.2 148.1 114.7 61.3 134.3 56.3 
2:45 138.7 62.4 151.4 120.1 61.9 137.3 57.0 
3:00 144.5 62.4 158.9 127.6 62.9 141.6 57.2 
3:15 150.7 63.2 165.3 134.6 63.7 145.3 57.0 
3:30 155.6 63.3 168.9 141.3 64.9 148.4 58.0 
3:45 159.6 63.7 175.6 147.2 66.7 152.4 59.4 
4:00 165.0 64.1 179.7 152.2 67.0 154.7 59.7 
4:15 170.2 66.2 184.5 158.1 63.9 158.0 60.9 
4:30 174.3 66.5 188.5 162.1 62.7 160.4 61.5 
4:45 178.3 66.8 192.6 166.8 63.0 163.2 62.1 
5:00 163.8 71.0 169.1 169.5 62.9 138.7 63.7 
5:15 159.0 71.5 163.0 167.7 63.4 127.9 65.8 
6:00 154.7 70.5 155.7 162.9 64.3 120.6 69.2 
6:30 147.5 70.8 146.7 155.0 64.8 113.2 71.6 
7:30 137.0 71.6 134.7 142.0 66.6 105.9 75.3 
24:00 76.7 66.5 76.6 77.3 64.6 75.4 71.0 
25:30 74.0 70.5 74.7 75.4 65.0 74.7 66.6 
Table C.4. Wall Panel 2 - Temperature Gradients. 
Reading Time 
Temperature (°F) 
Free End Middle Restrained End Average 
AT Hot Cold AT Hot Embed Cold AT Hot Cold AT 
1 0:00 55.9 58.0 -2.1 55.4 55.7 57.4 -1.9 55.2 56.1 -0.9 0 
2 0:15 78.3 61.0 17.3 84.9 59.6 58.5 13.8 85.7 56.5 29.2 20 
4 0:20 79.7 62.6 17.1 86.7 60.9 58.7 15.1 87.3 56.6 30.7 21 
6 0:30 83.2 61.6 21.6 89.7 65.4 59.3 18.3 91.2 56.0 35.2 25 
9 0:40 85.1 61.3 23.8 91.3 66.4 59.9 19.0 93.0 57.2 35.8 26 
11 0:50 85.3 60.6 24.7 92.4 69.0 59.1 21.6 94.1 56.1 38.0 28 
13 1:00 90.2 59.4 30.8 94.7 75.2 58.5 26.5 98.5 55.3 43.2 33 
16 1:15 94.9 60.4 34.5 97.9 80.4 59.3 29.9 102.4 56.0 46.4 37 
19 1:30 97.3 60.2 37.1 101.5 84.9 59.6 33.6 106.3 57.0 49.3 40 
22 1:45 105.3 60.4 44.9 114.5 89.4 59.1 42.9 108.4 55.3 53.1 47 
24 2:00 117.6 61.2 56.4 128.8 94.2 59.2 52.3 120.5 55.5 65.0 58 
25 2:07 121.2 61.3 59.9 132.8 97.9 59.6 55.8 123.7 55.7 68.0 60 
26 2:15 124.8 61.4 63.4 136.8 101.6 59.9 59.3 126.8 55.8 71.0 65 
28 2:25 128.8 61.3 67.5 141.3 107.3 60.3 64.0 129.5 56.5 73.0 68 
30 2:35 134.2 62.2 72.0 148.1 114.7 61.3 70.1 134.3 56.3 78.0 73 
33 2:45 138.7 62.4 76.3 151.4 120.1 61.9 73.9 137.3 57.0 80.3 77 
34 2:52 141.6 62.4 79.2 155.2 123.9 62.4 77.1 139.5 57.1 82.4 80 
35 3:00 144.5 62.4 82.1 158.9 127.6 62.9 80.4 141.6 57.2 84.4 82 
38 3:15 150.7 63.2 87.5 165.3 134.6 63.7 86.3 145.3 57.0 88.3 87 
40 3:30 155.6 63.3 92.3 168.9 141.3 64.9 90.2 148.4 58.0 90.4 91 
43 3:45 159.6 63.7 95.9 175.6 147.2 66.7 94.7 152.4 59.4 93.0 95 
46 4:00 165.0 64.1 100.9 179.7 152.2 67.0 99.0 154.7 59.7 95.0 98 
49 4:07 167.6 65.2 102.5 182.1 155.2 65.5 103.2 156.4 60.3 96.1 100 
51 4:15 170.2 66.2 104.0 184.5 158.1 63.9 107.4 158.0 60.9 97.1 103 
54 4:30 174.3 66.5 107.8 188.5 162.1 62.7 112.6 160.4 61.5 98.9 106 
56 4:45 178.3 66.8 111.5 192.6 166.8 63.0 116.7 163.2 62.1 101.1 110 
59 5:00 163.8 71.0 92.8 169.1 169.5 62.9 106.4 138.7 63.7 75.0 91 
61 5:15 159.0 71.5 87.5 163.0 167.7 63.4 102.0 127.9 65.8 62.1 84 
65 6:00 154.7 70.5 84.2 155.7 162.9 64.3 95.0 120.6 69.2 51.4 77 
67 6:30 147.5 70.8 76.7 146.7 155.0 64.8 86.1 113.2 71.6 41.6 68 
69 7:30 137.0 71.6 65.4 134.7 142.0 66.6 71.8 105.9 75.3 30.6 56 
92 24:00 76.7 66.5 10.2 76.6 77.3 64.6 12.4 75.4 71.0 4.4 9 
95 25:30 74.0 70.5 3.5 74.7 75.4 65.0 10.1 74.7 66.6 8.1 7 
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Table C.5. Wall Panel 3 - Temperature Readings. 
Time 
Temperature (°F) 
Free End Middle Restrained End 
Hot Cold Hot Embed Cold Hot Cold 
0:00 65.6 65.9 65.9 65.5 66.8 66.0 65.0 
0:15 90.9 65.6 89.7 67.0 65.7 93.7 64.5 
0:30 97.7 65.7 96.6 71.3 65.3 99.7 64.3 
0:45 107.6 64.7 106.0 80.3 65.3 107.9 63.6 
1:00 113.6 65.2 111.8 86.7 65.8 113.8 64.2 
1:15 122.3 65.3 120.5 94.8 66.0 122.2 64.5 
1:30 126.5 65.1 123.3 100.0 65.8 127.1 64.3 
1:45 133.0 65.7 130.0 106.1 66.0 132.4 64.7 
2:00 139.3 65.8 136.8 113.2 66.2 138.8 64.9 
2:15 144.5 65.7 143.0 118.9 66.5 144.6 65.1 
2:30 150.0 66.0 147.8 123.8 66.5 150.0 65.2 
2:45 154.9 66.1 152.7 129.3 66.8 154.6 65.8 
3:00 159.5 66.8 156.1 134.6 67.1 159.1 66.5 
3:15 164.2 66.8 160.8 139.0 67.4 162.8 67.0 
3:30 167.7 66.6 165.9 142.9 68.1 166.5 67.6 
3:45 171.0 66.5 168.2 147.3 67.6 170.1 68.2 
4:00 174.6 66.3 172.7 151.4 67.5 174.2 68.9 
4:15 178.1 66.7 175.1 154.8 68.1 177.2 70.1 
4:30 182.4 66.9 179.1 158.6 70.0 180.5 71.7 
4:45 184.3 67.5 181.7 161.2 68.4 183.2 72.4 
5:00 186.8 67.4 185.1 164.6 68.9 186.5 71.0 
5:15 166.0 67.4 169.2 166.9 68.6 168.5 71.4 
5:30 161.8 68.5 164.3 165.8 69.0 164.0 72.4 
5:45 143.3 69.8 155.1 163.9 70.0 153.0 73.6 
6:00 138.5 70.8 150.5 160.2 71.0 147.2 74.6 
6:30 132.1 72.0 144.4 153.7 72.0 140.5 76.1 
7:00 125.8 72.2 139.1 147.5 72.1 134.5 77.0 
8:00 111.7 73.8 125.1 131.8 73.9 120.4 78.8 
9:00 70.3 67.1 75.1 75.7 67.6 74.5 68.0 
24:00 69.6 66.8 74.6 75.0 67.9 73.9 67.8 
Table C.6. Wall Panel 3 - Temperature Gradients. 
Reading Time 
Temperature (°F) 
Free End Middle Restrained End Average 
AT Hot Cold AT Hot Embed Cold AT Hot Cold AT 
1 0:00 65.6 65.9 -0.3 65.9 65.5 66.8 -1.1 66.0 65.0 1.0 0 
2 0:15 90.9 65.6 25.3 89.7 67.0 65.7 12.7 93.7 64.5 29.2 20 
3 0:30 97.7 65.7 32.0 96.6 71.3 65.3 18.7 99.7 64.3 35.4 29 
4 0:45 107.6 64.7 42.9 106.0 80.3 65.3 27.9 107.9 63.6 44.3 38 
4.5 0:52 110.6 65.0 45.7 108.9 83.5 65.6 30.7 110.9 63.9 47.0 40 
5 1:00 113.6 65.2 48.4 111.8 86.7 65.8 33.5 113.8 64.2 49.6 44 
6 1:15 122.3 65.3 57.0 120.5 94.8 66.0 41.7 122.2 64.5 57.7 52 
7 1:30 126.5 65.1 61.4 123.3 100.0 65.8 45.9 127.1 64.3 62.8 57 
7.5 1:37 129.8 65.4 64.4 126.7 103.1 65.9 49.0 129.8 64.5 65.3 60 
8 1:45 133.0 65.7 67.3 130.0 106.1 66.0 52.1 132.4 64.7 67.7 62 
9 2:00 139.3 65.8 73.5 136.8 113.2 66.2 58.8 138.8 64.9 73.9 69 
10 2:15 144.5 65.7 78.8 143.0 118.9 66.5 64.5 144.6 65.1 79.5 74 
11 2:30 150.0 66.0 84.0 147.8 123.8 66.5 69.3 150.0 65.2 84.8 80 
12 2:45 154.9 66.1 88.8 152.7 129.3 66.8 74.2 154.6 65.8 88.8 84 
13 3:00 159.5 66.8 92.7 156.1 134.6 67.1 78.3 159.1 66.5 92.6 88 
14 3:15 164.2 66.8 97.4 160.8 139.0 67.4 82.5 162.8 67.0 95.8 92 
15 3:30 167.7 66.6 101.1 165.9 142.9 68.1 86.3 166.5 67.6 98.9 95 
16 3:45 171.0 66.5 104.5 168.2 147.3 67.6 90.2 170.1 68.2 101.9 100 
17 4:00 174.6 66.3 108.3 172.7 151.4 67.5 94.6 174.2 68.9 105.3 103 
18 4:15 178.1 66.7 111.4 175.1 154.8 68.1 96.9 177.2 70.1 107.1 105 
19 4:30 182.4 66.9 115.5 179.1 158.6 70.0 98.9 180.5 71.7 108.8 108 
20 4:45 184.3 67.5 116.8 181.7 161.2 68.4 103.1 183.2 72.4 110.8 110 
21 5:00 186.8 67.4 119.4 185.1 164.6 68.9 106.0 186.5 71.0 115.5 114 
22 5:15 166.0 67.4 98.6 169.2 166.9 68.6 99.5 168.5 71.4 97.1 98 
23 5:30 161.8 68.5 93.3 164.3 165.8 69.0 96.1 164.0 72.4 91.6 94 
25 5:45 143.3 69.8 73.5 155.1 163.9 70.0 89.5 153.0 73.6 79.4 81 
26 6:00 138.5 70.8 67.7 150.5 160.2 71.0 84.4 147.2 74.6 72.6 75 
28 6:30 132.1 72.0 60.1 144.4 153.7 72.0 77.1 140.5 76.1 64.4 67 
30 7:00 125.8 72.2 53.6 139.1 147.5 72.1 71.2 134.5 77.0 57.5 61 
36 8:30 111.7 73.8 37.9 125.1 131.8 73.9 54.6 120.4 78.8 41.6 45 
92 22:30 70.3 67.1 3.2 75.1 75.7 67.6 7.8 74.5 68.0 6.5 6 
94 23:00 69.6 66.8 2.8 74.6 75.0 67.9 6.9 73.9 67.8 6.1 5 
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Summary of Displacements 
Table D.l. Wall Panel 1 - curtain wythe displacements 
Curtain Wythe 
AT Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.001 0.004 0.001 0.000 0.000 0.000 
20 0.029 0.005 -0.002 -0.008 -0.014 -0.011 -0.017 -0.013 -0.006 
40 0.172 0.080 0.035 -0.003 -0.023 -0.025 -0.031 -0.021 -0.006 
60 0.343 0.167 0.068 -0.004 -0.052 -0.068 -0.070 -0.040 -0.005 
80 0.646 0.330 0.146 0.013 -0.078 -0.112 -0.114 -0.068 -0.005 
100 0.908 0.434 0.156 -0.058 -0.209 -0.259 -0.236 -0.142 -0.005 
110 1.081 0.504 0.164 -0.090 -0.278 -0.338 -0.301 -0.175 -0.005 
Table D.2. Wall Panel 1 - structural wythe displacements. 
Structural Wythe 
AT Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.041 0.022 0.009 0.001 0.000 -0.002 -0.003 0.000 0.000 
40 0.173 0.099 0.049 0.012 -0.004 -0.016 -0.017 0.000 0.009 
60 0.313 0.188 0.086 0.015 -0.029 -0.052 -0.049 -0.022 0.012 
80 0.575 0.350 0.171 0.035 -0.055 -0.094 -0.094 -0.047 0.013 
100 0.796 0.456 0.181 -0.033 -0.184 -0.240 -0.214 -0.115 0.014 
110 0.936 0.525 0.192 -0.065 -0.251 -0.312 -0.276 -0.166 0.014 
Table D.3. Wall Panel 1 - displacement differences between curtain wythe and structural wythe. 
Displacement Differences between Curtain Wythe and Structural Wythe 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.001 0.004 0.001 0.000 0.000 0.000 
20 -0.012 -0.017 -0.012 -0.009 -0.014 -0.010 -0.013 -0.013 -0.006 
40 -0.001 -0.020 -0.013 -0.015 -0.019 -0.009 -0.014 -0.020 -0.015 
60 0.030 -0.021 -0.018 -0.019 -0.023 -0.016 -0.021 -0.017 -0.017 
80 0.072 -0.021 -0.025 -0.022 -0.024 -0.017 -0.019 -0.021 -0.018 
100 0.112 -0.022 -0.025 -0.025 -0.025 -0.019 -0.022 -0.027 -0.019 
110 0.145 -0.021 -0.028 -0.025 -0.027 -0.027 -0.025 -0.009 -0.019 
Table D.4. Wall Panel 1 - average wall panel displacements. 
Average Wall Displacements 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 
20 0.035 0.013 0.003 -0.004 -0.007 -0.006 -0.010 -0.006 -0.003 
40 0.173 0.089 0.042 0.005 -0.013 -0.021 -0.024 -0.011 0.002 
60 0.328 0.177 0.077 0.006 -0.041 -0.060 -0.059 -0.031 0.003 
80 0.610 0.340 0.158 0.024 -0.067 -0.103 -0.104 -0.058 0.004 
100 0.852 0.445 0.169 -0.045 -0.196 -0.249 -0.225 -0.129 0.004 
110 1.008 0.515 0.178 -0.078 -0.264 -0.325 -0.288 -0.171 0.004 
Table D.5. Wall Panel 1 - end displacements. 
AT 
Free End 
Restrained 
End 
Location from Face of Curtain W /the (in.) 
0 2 4 11.26 
0 
20 
40 
60 
80 
100 
110 
0.000 
-0.009 
-0.023 
-0.039 
-0.054 
0.000 
-0.008 
-0.023 
-0.040 
-0.058 
0.000 
-0.007 
-0.015 
-0.022 
-0.016 
0.000 
-0.003 
-0.003 
-0.003 
0.004 
0.000 
-0.002 
-0.012 
-0.015 
-0.020 
-0.061 -0.067 0.011 0.023 -0.034 
-0.058 -0.065 0.040 0.044 -0.043 
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Figure D.l. Wall Panel 1 - curtain wythe displacements. 
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Figure D.2. Wall Panel 1 - structural wythe displacements. 
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Table D.6. Wall Panel 2 - curtain wythe displacements. 
Curtain Wythe 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
20 0.029 0.005 0.003 -0.002 -0.010 -0.007 -0.010 -0.008 -0.009 
40 0.194 0.085 0.034 -0.019 -0.042 -0.061 -0.071 -0.038 0.022 
60 0.225 0.080 0.002 -0.067 -0.106 -0.122 -0.129 -0.075 0.019 
80 0.309 0.073 -0.076 -0.188 -0.255 -0.277 -0.252 -0.144 0.035 
100 0.426 0.054 -0.195 -0.370 -0.491 -0.522 -0.435 -0.219 0.081 
110 0.465 0.043 -0.238 -0.437 -0.582 -0.618 -0.505 -0.264 0.075 
Table D.7. Wall Panel 2 - structural wythe displacments. 
Structural Wythe 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.039 0.028 0.017 0.005 0.000 0.000 -0.001 0.000 0.002 
40 0.179 0.097 0.046 -0.002 -0.030 -0.046 -0.055 -0.039 0.007 
60 0.210 0.097 0.018 -0.049 -0.085 -0.107 -0.104 -0.058 0.006 
80 0.283 0.095 -0.059 -0.174 -0.231 -0.252 -0.220 -0.135 0.003 
100 0.378 0.076 -0.166 -0.360 -0.464 -0.499 -0.392 -0.252 0.014 
110 0.411 0.070 -0.203 -0.427 -0.547 -0.590 -0.461 -0.254 0.013 
Table D.8. Wall Panel 2 - displacement differences between curtain wythe and structural wythe. 
Displacement Differences between Curtain Wythe and Structural Wythe 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 
20 -0.011 -0.023 -0.014 -0.007 -0.010 -0.007 -0.009 -0.008 -0.011 
40 0.015 -0.012 -0.012 -0.017 -0.012 -0.014 -0.016 0.002 0.015 
60 0.015 -0.017 -0.015 -0.018 -0.022 -0.015 -0.025 -0.016 0.012 
80 0.026 -0.022 -0.017 -0.013 -0.023 -0.025 -0.032 -0.010 0.032 
100 0.048 -0.021 -0.029 -0.009 -0.027 -0.023 -0.044 0.033 0.067 
110 0.053 -0.027 -0.034 -0.010 -0.035 -0.028 -0.044 -0.009 0.062 
Table D.9. Wall Panel 2 - average wall displacements. 
Average Wall Displacements 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.034 0.017 0.010 0.001 -0.005 -0.004 -0.006 -0.004 -0.003 
40 0.186 0.091 0.040 -0.010 -0.036 -0.054 -0.063 -0.038 0.014 
60 0.218 0.089 0.010 -0.058 -0.096 -0.114 -0.116 -0.066 0.013 
80 0.296 0.084 -0.068 -0.181 -0.243 -0.264 -0.236 -0.140 0.019 
100 0.402 0.065 -0.180 -0.365 -0.477 -0.510 -0.413 -0.236 0.048 
110 0.438 0.057 -0.221 -0.432 -0.564 -0.604 -0.483 -0.259 0.044 
Table D.10. Wall Panel 2 - end displacements. 
AT 
Free End 
Restrained 
End 
Location from Face of Curtain W /the (in.) 
0 2 4 11.26 
0 
20 
40 
60 
80 
0.000 
-0.004 
-0.025 
-0.041 
-0.066 
0.000 
-0.001 
-0.021 
-0.036 
-0.059 
0.000 
-0.001 
-0.009 
-0.013 
-0.016 
0.000 
0.000 
0.001 
0.001 
0.007 
-0.005 
-0.010 
-0.450 
-2.590 
-0.482 
100 -0.100 -0.089 -0.016 0.015 -0.538 
110 -0.118 -0.106 -0.016 0.019 -0.565 
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Wall Panel 2 
Curtain Wythe Displacements 
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Figure D.3. Wall Panel 2 - curtain wythe displacements. 
Wall Panel 2 
Structural Wythe Displacements 
|—+—Delta-T = 0 -«-Delta-T = 20 Delta-T = 40 -M-Delta-T = 60 Delta-T = 80 -«-Delta-T = 100 —t— Delta-T = 110 | 
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Figure D.4. Wall Panel 2 - structural wythe displacements. 
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Wall Panel 3 
Summary of Displacements 
Table D.ll. Wall Panel 3 - curtain wythe displacements. 
Curtain Wythe 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.214 0.078 0.017 -0.038 -0.072 -0.085 -0.071 -0.046 -0.012 
40 1.136 0.516 0.183 -0.073 -0.247 -0.324 -0.302 -0.199 -0.021 
60 1.586 0.558 -0.032 -0.465 -0.762 -0.825 -0.739 -0.460 -0.038 
80 1.973 0.489 -0.402 -1.025 -1.442 -1.493 -1.285 -0.779 -0.064 
100 2.430 0.403 -0.841 -1.678 -2.220 -2.247 -1.896 -1.120 -0.086 
110 2.682 0.347 -1.099 -2.069 -2.690 -2.700 -2.266 -1.333 -0.110 
Table D.12. Wall Panel 3 - structural wythe displacements. 
Structural Wythe 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.206 0.096 0.029 -0.025 -0.041 -0.069 -0.055 -0.030 0.001 
40 0.983 0.532 0.201 -0.054 -0.206 -0.302 -0.284 -0.173 0.001 
60 1.363 0.572 -0.016 -0.457 -0.704 -0.812 -0.711 -0.445 -0.016 
80 1.697 0.506 -0.379 -1.035 -1.377 -1.473 -1.245 -0.786 -0.042 
100 2.079 0.420 -0.821 -1.701 -2.148 -2.230 -1.862 -1.130 -0.061 
110 2.316 0.371 -1.071 -2.096 -2.609 -2.689 -2.234 -1.324 -0.094 
Table D.13. Wall Panel 3 - displacement differences between curtain wythe and structural wythe. 
Displacement Differences between Curtain Wythe and Structural Wythe 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.007 -0.018 -0.012 -0.013 -0.031 -0.016 -0.016 -0.016 -0.013 
40 0.153 -0.015 -0.018 -0.019 -0.041 -0.022 -0.018 -0.026 -0.022 
60 0.223 -0.014 -0.016 -0.008 -0.058 -0.013 -0.028 -0.015 -0.023 
80 0.276 -0.017 -0.023 0.009 -0.065 -0.020 -0.040 0.007 -0.022 
100 0.350 -0.017 -0.020 0.023 -0.072 -0.017 -0.035 0.010 -0.025 
110 0.366 -0.024 -0.028 0.027 -0.080 -0.010 -0.032 -0.009 -0.016 
Table D.14. Wall Panel 3 - average displacements. 
Average Wall Displacements 
AT 
Location from Free End (ft) 
0 6 10 16 20 26 30 36 40 
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
20 0.210 0.087 0.023 -0.032 -0.056 -0.077 -0.063 -0.038 -0.006 
40 1.060 0.524 0.192 -0.063 -0.227 -0.313 -0.293 -0.186 -0.010 
60 1.475 0.565 -0.024 -0.461 -0.733 -0.818 -0.725 -0.452 -0.027 
80 1.835 0.497 -0.391 -1.030 -1.409 -1.483 -1.265 -0.783 -0.053 
100 2.255 0.412 -0.831 -1.690 -2.184 -2.239 -1.879 -1.125 -0.074 
110 2.499 0.359 -1.085 -2.082 -2.649 -2.695 -2.250 -1.328 -0.102 
Table D.15. Wall Panel 3 - end displacements. 
AT 
Free End 
Restrained 
End 
Location from Face of Curtain W /the (in.) 
0 2 4 6 
0 
20 
40 
60 
80 
0.000 
-0.005 
-0.007 
-0.013 
-0.018 
0.000 
-0.002 
0.010 
0.067 
0.168 
-0.001 
-0.005 
-0.009 
-0.004 
0.013 
0.000 
-0.007 
-0.013 
0.007 
0.077 
0.000 
-0.002 
-0.019 
-0.044 
-0.074 
100 -0.016 0.338 0.044 0.216 -0.108 
110 -0.010 0.453 0.068 0.314 -0.127 
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Figure D.5. Wall Panel 3 - curtain wythe displacements. 
Wall Panel 3 
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Figure D.6. Wall Panel 3 - structural wythe displacements. 
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APPENDIX E 
Full-scale Thermal Test 
Section and Physical Properties 
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' 
Figure E.I. Wall panel section properties. 
Table E l. Wall panel section properties. 
Property Wall Panel 1 Wall Panel 2 Wall Panel 3 
d) tc (in.) 2 2 2 
f b (in.) 48 48 48 
S Ac (in.2) 96 96 96 
C 
'rë le (in.4) 32 32 32 
t 
3 yc (in.) 10.25 10.25 5 
o 
Ecc (psi) 4245732 4245732 5249870 
ts (in.) 7.25 7.25 2 
m b (in.) 48 48 48 
18 As (in.2) 348 348 96 
2 | Is (in.4) 1524 1524 32 
(0 ys (in.) 3.625 3.625 1 
Ecs (psi) 4543873 4433421 4307833 
t (in.) 11.25 11.25 6 
.2 b (in.) 48 48 48 
M 
O A (in.2) 444 444 192 
E 1 (in.4) 4858 4858 832 
o 
O Ybar (in.) 5.057 5.057 3 
Ec (psi) 4479410 4392840 4778852 
t Thickness 
b Width 
A Area 
I Moment of Inertia 
y Distance to centroid 
Ybar Distance to Neutral Axis of Composite Section 
Ec Modulus of Elasticity of Concrete. 
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APPENDIX F 
Full-scale Thermal Test 
Strain Data 
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Wall Panel 1 
Concrete - Strains 
f'c-curtain = 5430 psi 
f c-structural "" 6219 psi 
Table F.l. Wall Panel 1 - concrete strains at Location "A". 
Location A 
AT 
Strain (microstrain) 
SG-1A-C EG-1A-C EG-1A-S SG-1A-S 
0 0 0 -1 0 
20 14 5 12 -1 
40 35 63 35 -3 
60 41 99 54 -4 
80 52 146 77 -7 
100 82 211 110 -8 
110 98 243 130 -8 
Table F.2. Wall Panel 1 - concrete strains at Location "B". 
Location B 
AT 
Strain (microstrain) 
SG-1B-C EG-1B-C EG-1B-S SG-1B-S 
0 0 1 0 -1 
20 -16 32 11 -3 
40 -16 118 37 -11 
60 -16 129 67 -20 
80 -19 137 102 -31 
100 -24 156 144 -44 
110 -28 166 167 -50 
Table F.3. Wall Panel 1 - concrete strains at Location "C". 
Location C 
AT 
Strain (microstrain) 
SG-1C-C EG-1C-C EG-1C-S SG-1C-S 
0 0 0 1 0 
20 -3 48 12 -2 
40 4 172 41 -6 
60 5 222 76 -14 
80 19 295 110 -22 
100 99 354 147 -35 
110 156 356 167 -39 
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Wall Panel 1 
Delta Tie - Strains 
Table F.4. Wall Panel 1 - Delta Tie 1A strains. 
Delta Tie 1A 
AT 
Strain (microstrain) 
1A1 1A2 1A3 1A4-1 1A4-3 
0 0 1 1 0 1 
20 25 -317 -286 77 -267 
40 610 -339 -1110 1083 -1020 
60 1167 -83 -1708 2267 -1611 
80 1835 153 -2111 3842 -2110 
100 2621 257 -2619 5519 -2731 
110 3091 192 -3006 6219 -3196 
Table F. 5. Wall Panel 1 - Delta Tie IB strains. 
Delta Tie 1B 
AT 
Strain (microstrain) 
1B1 1B2 1B3 1B4-1 1B4-3 
0 -1 0 1 5 0 
20 22 -81 -80 43 -113 
40 229 -54 -212 289 -335 
60 460 24 -372 587 -609 
80 760 80 -570 955 -961 
100 1066 140 -712 1321 -1283 
110 1217 189 -754 1492 -1404 
Table F.6. Wall Panel 1 - Delta Tie 1C strains. 
Delta Tie 1C 
AT 
Strain (microstrain) 
1C1 1C2 1C3 1C4-1 1C4-3 
0 0 -1 0 0 0 
20 -118 51 127 -145 52 
40 -259 100 278 -428 47 
60 -435 154 476 -817 21 
80 -617 274 725 -1276 -38 
100 -727 491 1048 -1675 -129 
110 -717 686 1294 -1789 -201 
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Wall Panel 2 
Concrete - Strains 
f'c-curtain = 5430 psi 
f c-structural — 5920 psi 
Table F.7. Wall Panel 2 - concrete strains at Location "A". 
Location A 
AT 
Strain (microstrain) 
SG-2A-C EG-2A-C EG-2A-S SG-2A-S 
0 0.0 -0.2 -0.5 0.0 
20 0.0 28.0 19.6 0.0 
40 0.0 178.0 46.4 0.0 
60 0.0 199.8 65.1 0.0 
80 0.0 271.6 89.8 0.0 
100 0.0 315.0 118.9 0.0 
110 0.0 288.5 133.0 0.0 
Table F.8. Wall Panel 2 - concrete strains at Location "B". 
Location B 
AT 
Strain (microstrain) 
SG-2B-C EG-2B-C EG-2B-S SG-2B-S 
0 0.0 0.7 0.7 0.0 
20 0.0 19.4 6.9 0.0 
40 0.0 208.5 39.5 0.0 
60 0.0 225.5 53.3 0.0 
80 0.0 239.0 87.0 0.0 
100 0.0 274.0 128.2 0.0 
110 0.0 277.0 142.9 0.0 
Table F.9. Wall Panel 2 - concrete strains at Location "C". 
Location C 
AT 
Strain (microstrain) 
SG-2C-C EG-2C-C EG-2C-S SG-2C-S 
0 0.0 -0.5 0.8 0.0 
20 0.0 55.7 12.4 0.0 
40 0.0 561.7 54.7 0.0 
60 0.0 589.5 77.2 0.0 
80 0.0 634.6 122.0 0.0 
100 0.0 692.3 172.9 0.0 
110 0.0 704.5 191.9 0.0 
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Wall Panel 2 
Delta Tie - Strains 
Table F.10. Wall Panel 2 - Delta Tie 2A strains. 
Delta Tie 2A 
AT 
Strain (microstrain) 
2A1 2A2 2A3 2A4-1 2A4-3 
0 0 0 1 3 2 
20 27 -276 -232 -47 -86 
40 402 -87 -2090 6 -724 
60 388 -90 -2951 2316 -1029 
80 1516 -403 -4154 999999 -2168 
100 2891 -1129 -3784 999999 -4374 
110 3144 -1258 -3808 999999 -4167 
Table F. 11. Wall Panel 2 - Delta Tie 2B strains. 
Delta Tie 2B 
AT 
Strain (microstrain) 
2B1 2B2 2B3 2B4-1 2B4-3 
0 0 1 0 0 -1 
20 40 -63 -87 69 -86 
40 753 -96 -832 1002 -739 
60 1203 -121 -1252 1647 -1128 
80 2008 -93 -1976 2915 -1720 
100 2407 -281 -2753 3928 -2331 
110 2448 -388 -2945 4153 -2475 
Table F. 12. Wall Panel 2 - Delta Tie 2C strains. 
Delta Tie 2C 
AT 
Strain (microstrain) 
2C1 2C2 2C3 2C4-1 2C4-3 
0 0 0 1 0 0 
20 -140 -128 28 -186 48 
40 93 125 131 188 166 
60 148 145 144 280 204 
80 258 211 317 480 476 
100 96 396 1001 558 1337 
110 50 638 1762 890 2267 
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Wall Panel 3 
Concrete - Strains 
f'c-curtain = 8302 psi 
f c-structural — 5590 psi 
Table F.13. Wall Panel 3 - concrete strains at Location "A". 
Location A 
AT 
Strain (microstrain) 
SG-3A-C EG-3A-C EG-3A-S SG-3A-S 
0 0 -1 0 -1 
20 14 6 9 -3 
40 44 51 28 -4 
60 74 123 43 -8 
80 113 223 55 -15 
100 167 360 70 -22 
110 198 438 85 -26 
Table F.14. Wall Panel 3 - concrete strains at Location "B". 
Location B 
AT 
Strain (microstrain) 
SG-3B-C EG-3B-C EG-3B-S SG-3B-S 
0 0 0 -1 0 
20 -6 15 9 -3 
40 27 19 40 -13 
60 66 30 76 -27 
80 116 69 117 -47 
100 172 147 166 -68 
110 200 201 202 -79 
Table F.15. Wall Panel 3 - concrete strains at Location "C". 
Location C 
AT 
Strain (microstrain) 
SG-3C-C EG-3C-C EG-3C-S SG-3C-S 
0 -1 0 0 0 
20 -10 18 14 -7 
40 12 37 58 -24 
60 34 69 101 -43 
80 67 127 138 -69 
100 108 213 148 -83 
110 151 256 166 -83 
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Wall Panel 3 
Delta Tie - Strains 
Table F.16. Wall Panel 3 - Delta Tie 3A strains. 
Delta Tie 3A 
AT 
Strain (microstrain) 
3A1 3A2 3A3 3A4-1 3A4-3 
0 0 0 1 -1 0 
20 -25 -214 -180 38 -80 
40 -320 -88 304 -307 148 
60 -609 122 914 -704 388 
80 -842 252 1362 -1070 493 
100 -987 432 1719 -1369 360 
110 -1069 549 1968 -1590 168 
Table F.17. Wall Panel 3 - Delta Tie 3B strains. 
Delta Tie 3B 
AT 
Strain (microstrain) 
3B1 3B2 3B3 3B4-1 3B4-3 
0 0 -1 0 0 0 
20 -60 -43 26 -57 20 
40 14 103 88 18 103 
60 130 290 147 138 205 
80 272 480 190 281 305 
100 439 722 296 440 494 
110 575 916 440 568 677 
Table F.18. Wall Panel 3 - Delta Tie 3C strains. 
Delta Tie 3C 
AT 
Strain (microstrain) 
3C1 3C2 3C3 3C4-1 3C4-3 
0 0 0 0 0 0 
20 -45 -23 7 -34 2 
40 43 54 17 47 114 
60 173 128 39 171 259 
80 320 189 122 307 422 
100 781 276 206 752 553 
110 1088 309 424 1048 702 
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Structural Wythe 
Structural Wythe 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 1B 
Structural Wythe 
CM 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 1C 
"igure F.l. Wall Panel 1 - Delta Tie 
strains at AT = 100°F. 
"able F. 19. Delta Tie 1A- strains. 
Strain Strain* 
Gage (microstrain) 
1A1 2621 
1A2 257 
1A3 -2619 
1A4-1 5519 
1A4-3 -2731 
* Positive values equal tension 
Negative values equal compression 
"able F.20. Delta Tie IB - strains. 
Strain Strain 
Gage (microstrain) 
1B1 1066 
1B2 140 
1B3 -712 
1B4-1 1321 
1B4-3 -1283 
* Positive values equal tension 
Negative values equal compression 
"able F.21. Delta Tie 1C - strains. 
Strain Strain 
Gage (microstrain) 
ICI -727 
1C2 491 
1C3 1048 
1C4-1 -1675 
1C4-3 -1129 
* Positive values equal tension 
Negative values equal compression 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 1A 
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Structural Wythe 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 2A 
Structural Wythe 
7 
// 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 2B 
Structural Wythe 
CM 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 2C 
"able F.22. Delta Tie 2A - strains. 
Strain Strain* 
Gage (microstrain) 
2 Al 2891 
2A2 -1129 
2A3 -3784 
2A4-1 
2A4-3 -4734 
* Positive values equal tension 
Negative values equal compression 
"able F.23. Delta Tie 2B - strains. 
Strain Strain* 
Gage (microstrain) 
2B1 2407 
2B2 -281 
2B3 -2753 
2B4-1 3928 
2B4-3 -2331 
* Positive values equal tension 
Negative values equal compression 
"able F.24. Delta Tie 2C - strains. 
Strain Strain* 
Gage (microstrain) 
2C1 96 
3C2 396 
2C3 1001 
2C4-1 558 
2C4-3 1337 
* Positive values equal tension 
Negative values equal compression 
"igure F.2. Wall Panel 2 - Delta Tie 
strains at AT = 100°F. 
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Structural Wythe 
CO 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 3A 
Structural Wythe 
m 
CO 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 3B 
Structural Wythe 
CM 
Curtain Wythe 
(Heated Surface) 
DELTA TIE 3C 
"able F.25. Delta Tie 3A - strains. 
Strain Strain 
Gage (microstrain)1 
3A1 -987 
3A2 432 
3A3 1719 
3A4-1 -1369 
3A4-3 360 
* Positive values equal tension 
Negative values equal compression 
"able F.26. Delta Tie 3B - strains. 
Strain Strain 
Gage (microstrain) 
3B1 439 
3B2 722 
3B3 296 
3B4-1 440 
3B4-3 494 
* Positive values equal tension 
Negative values equal compression 
"able F.27. Delta Tie 3C - strains. 
Strain Strain 
Gage (microstrain) 
3C1 781 
3C2 276 
3C3 206 
3C4-1 752 
3C4-3 702 
* Positive values equal tension 
Negative values equal compression 
"igure F.3. Wall Panel 3 - Delta Tie 
strains at AT = 100°F. 
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APPENDIX G 
Elemental Fatigue Test 
Load vs. Displacement Data 
Table G.I. Parallel 1 - peak loads per cycle. 
Parallel 1 
Compression Tension Compression Tension Compression Tension Compression Tension 
Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) 
1 7566.6 -4427.9 4001 1088.8 -1106.3 8001 1159.1 -1053.2 12001 2306.3 -1740.1 
2 4798.6 -4213.9 4002 1105.8 -1104.3 8002 1185.4 -1025.8 12002 2174.4 -1681.3 
3 4441.8 -4081.3 4003 1077.4 -1102.8 8003 1146.8 -1017.0 12003 2071.4 -1623.4 
4 4158.2 -3870.1 4004 1071.7 -1094.1 8004 1115.9 -1022.6 12004 1995.9 -1564.8 
5 4028.8 -3161.1 4005 1066.7 -1084.7 8005 1124.1 -1025.9 12005 1971.4 -1541.1 
6 3944.5 -3009.9 4006 1045.4 -1071.2 8006 1126.8 -1020.2 12006 1958.6 -1506.4 
7 3868.9 -2867.2 4007 1033.3 -1074.7 8007 1117.8 -1013.3 12007 1945.5 -1503.4 
8 3820.4 -2808.5 4008 1028.7 -1079.7 8008 1117.5 -1001.4 12008 1929.1 -1473.2 
9 3790.2 -2776.9 4009 1027.4 -1075.5 8009 1094.8 -988.0 12009 1878.5 -1447.5 
10 3743.0 -2747.2 4010 1031.1 -1073.5 8010 1085.4 -1007.1 12010 1850.7 -1402.2 
11 3655.5 -2724.1 4011 1026.9 -1065.9 8011 1093.5 -1008.2 12011 1826.1 -1398.3 
12 3567.7 -2701.9 V) 
V 
4012 1017.8 -1054.7 8012 1092.8 -1008.9 12012 1854.0 -1416.5 
V) 
V 
•E 
13 3508.7 -2680.3 4013 1007.5 -1056.2 V) 8013 1101.0 -1001.0 V) 
V 
12013 1838.3 -1413.4 
14 3414.4 -2587.8 •E O 4014 1001.6 -1036.7 
V 
•E 8014 1086.9 -996.7 12014 1840.5 -1366.7 
C 20 1813.2 -2513.0 c 4020 990.4 -1048.1 O 8020 1063.6 -984.1 o 12020 1733.2 -1327.2 
U) 30 1598.9 -2172.3 U) 4030 971.0 -1030.3 U) 
CM 
8030 1053.6 -985.7 c 12030 1694.0 -1306.1 
CM 
CD 40 1073.9 -2006.0 CO 4040 963.1 -1028.1 8040 1034.2 -976.2 
U) 
CM 12040 1602.0 -1231.1 
O 50 1026.7 -1956.7 CT> O 4050 944.5 -1017.6 8050 1029.0 -967.8 O 12050 1576.3 -1220.9 
O 
+1 60 999.4 -1931.5 O +1 4060 937.6 -1013.8 
+1 8060 1018.8 -973.3 +1 II 
< 
12060 1545.2 -1179.4 
II 70 970.3 -1904.7 4070 925.3 -1015.7 II 8070 1013.0 -958.5 12070 1526.0 -1171.1 
< 80 953.9 -1882.4 <1 4080 918.1 -1001.3 
<1 8080 1006.7 -972.0 12080 1505.9 -1154.9 
90 937.0 -1866.1 4090 913.3 -1007.9 8090 996.9 -956.5 12090 1483.6 -1127.5 
100 924.1 -1839.8 4100 903.3 -993.1 8100 1001.3 -959.0 12100 1487.8 -1120.7 
200 822.7 -1075.6 4200 867.2 -966.1 8200 957.5 -945.1 12200 1372.4 -1006.8 
300 778.3 -1035.2 4300 839.2 -955.7 8300 931.3 -929.7 12300 1299.1 -872.5 
400 754.5 -1005.8 4400 815.1 -936.4 8400 920.6 -923.0 12400 1264.9 -806.0 
500 732.2 -985.9 4500 801.6 -923.6 8500 902.3 -922.9 12500 1205.3 -724.6 
600 710.9 -969.8 4600 786.7 -923.4 8600 885.0 -911.4 12600 1170.6 -678.7 
700 692.4 -950.8 4700 770.0 -908.3 8700 879.4 -904.7 12700 1161.4 -670.6 
800 681.4 -936.7 4800 761.4 -897.0 8800 867.1 -912.3 12800 1133.1 -648.5 
900 670.2 -930.5 4900 755.8 -895.4 8900 855.4 -898.7 12900 1099.4 -635.2 
1000 657.7 -910.7 5000 743.7 -878.6 9000 850.8 -888.7 13000 1091.6 -623.7 
2000 584.4 -852.1 6000 667.9 -790.5 10000 808.1 -837.5 14000 952.0 -573.3 
3000 545.3 -825.3 7000 581.2 -773.3 11000 716.9 -801.4 15000 789.2 -530.2 
4000 524.8 -816.6 8000 559.7 -765.2 12000 699.5 -651.2 16000 673.4 -528.4 
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Figure G.I. Parallel 1 - Hysteretic response at displacement of ±1/16 in.. 
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Figure G.2. Parallel 1 - Hysteretic response at displacement of ±3/32 in. 
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Figure G.3. Parallel 1 - Hysteretic response at displacement of ±1/8 in.. 
"Parallel 1" 
Cyclic Fatigue Loading 
Displacement = ± 1/4 in. 
Cycles 12001 -12005 
2500 2279.9 
2000 
1500 0.1250 
1000 
648.2 
500 
0 
-500 
-750.1 
-1000 
-1500 
-0.1250 
-1729.9 
-2000 
-2500 
-0.300 -0.200 -0.100 0.000 0.100 0.200 0.300 
Displacement (inches) 
Figure G.4. Parallel 1 - Hysteretic response at displacement of ±1/4 in. 
Table G.2. Parallel 2 - peak loads per cycle. 
Parallel 2 
Compression Tension Compression Tension Compression Tension 
Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) 
1 10297.8 -3682.0 4001 1700.7 -1142.4 8001 1762.9 -1060.8 
2 5371.6 -1242.7 4002 1612.2 -1096.6 8002 1634.6 -1001.6 
3 3279.1 -1157.6 4003 1575.1 -1073.4 8003 1617.7 -991.3 
4 2700.1 -1110.5 4004 1544.2 -1051.8 8004 1568.2 -979.3 
5 1640.0 -1079.0 4005 1500.1 -1024.6 8005 1510.1 -944.3 
6 1566.6 -1063.8 4006 1465.2 -1016.9 8006 1465.7 -898.4 
7 1552.5 -1047.1 4007 1483.0 -1027.0 8007 1497.7 -918.5 
8 1526.3 -1032.0 4008 1486.1 -1030.0 8008 1514.6 -947.6 
9 1505.8 -1017.9 4009 1480.5 -1021.8 8009 1501.1 -934.8 
10 1474.4 -1006.3 4010 1462.2 -1006.5 8010 1491.8 -927.0 
11 1441.3 -989.1 4011 1438.6 -990.0 8011 1444.7 -909.8 
12 1421.4 -987.9 4012 1399.5 -976.0 8012 1399.9 -868.8 
V) 13 1426.9 -978.3 V) V 
•E 
4013 1421.6 -990.2 V) 
V 
8013 1434.3 -885.5 
V 
•E 14 1417.1 -937.1 4014 1439.0 -966.9 8014 1447.5 -839.4 
O 20 1331.0 -914.6 E 4020 1398.9 -969.6 o 8020 1405.7 -879.2 
U) 
CM 
30 1266.2 -886.0 U) 4030 1356.7 -940.4 E 8030 1357.9 -840.8 
40 1220.9 -851.6 r~ co 4040 1332.5 -925.3 
U) 
CM 8040 1333.7 -844.3 
50 1195.5 -837.3 4050 1319.1 -925.7 O 8050 1316.0 -825.8 
+1 60 1152.9 -810.4 o +i 4060 1296.0 -900.5 
+1 
II 
< 
8060 1288.7 -809.1 
II 70 1135.9 -799.1 M 4070 1295.2 -913.5 8070 1296.5 -813.2 
< 80 1113.0 -790.9 < 4080 1264.8 -883.8 8080 1263.0 -785.3 
90 1099.0 -774.2 4090 1268.6 -894.8 8090 1271.0 -804.5 
100 1088.5 -770.4 4100 1249.1 -870.2 8100 1225.1 -752.9 
200 993.4 -719.9 4200 1206.0 -799.8 8200 1137.2 -686.3 
300 945.4 -696.3 4300 1189.8 -795.5 8300 1099.0 -539.1 
400 911.9 -696.0 4400 1153.5 -780.1 8400 1048.1 -498.5 
500 878.6 -684.7 4500 1124.1 -763.2 8500 1019.5 -482.7 
600 857.5 -667.2 4600 1115.2 -768.5 8600 1014.1 -473.7 
700 850.2 -673.5 4700 1087.6 -767.9 8700 982.2 -464.0 
800 821.2 -669.0 4800 1056.7 -750.0 8800 953.8 -455.5 
900 808.2 -656.8 4900 1024.5 -746.7 8900 954.2 -459.4 
1000 808.3 -654.5 5000 1012.0 -725.9 9000 937.3 -445.0 
2000 723.6 -646.0 6000 856.1 -658.7 10000 684.4 -405.7 
3000 661.3 -639.9 7000 742.5 -606.8 11000 587.8 -359.3 
4000 609.4 -625.9 8000 711.2 -552.6 12000 548.3 -303.4 
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Figure G.5. Parallel 2 - Hysteretic response at displacement of ±1/8 in.. 
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Figure G.6. Parallel 2 - Hysteretic response at displacement of ±3/16 in. 
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Figure G.7. Parallel 2 - Hysteretic response at displacement of ±1/4 in. 
Table G.3. Parallel 3 - peak loads per cycle. 
Parallel 3 
Compression Tension Compression Tension Compression Tension Compression Tension 
Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) 
1 7579.8 -5969.1 4001 1191.4 -1457.4 8001 484.4 -1023.4 12001 1595.0 -1280.4 
2 5204.9 -5758.5 4002 1275.2 -1447.0 8002 509.4 -1009.2 12002 1432.4 -1087.8 
3 4979.3 -5450.3 4003 1240.3 -1417.6 8003 485.7 -985.6 12003 1349.4 -1042.8 
4 4851.5 -5303.2 4004 1216.0 -1393.8 8004 470.5 -984.2 12004 1294.2 -997.2 
5 4782.7 -5128.1 4005 1198.2 -1392.5 8005 457.0 -985.4 12005 1309.9 -941.2 
6 4710.0 -4825.5 4006 1189.2 -1387.8 8006 459.6 -977.2 12006 1307.1 -916.2 
7 4645.4 -4577.6 4007 1185.0 -1374.0 8007 456.5 -969.7 12007 1286.4 -904.7 
8 4017.1 -4493.5 4008 1178.5 -1364.9 8008 453.4 -953.9 12008 1262.8 -852.0 
9 2824.4 -4459.9 4009 1169.0 -1346.0 8009 445.7 -942.5 12009 1223.1 -814.5 
10 2790.1 -4446.1 4010 1160.1 -1341.9 8010 440.6 -951.4 12010 1183.2 -781.5 
11 2765.1 -4431.0 4011 1147.4 -1338.1 8011 428.6 -953.9 12011 1212.7 -782.6 
12 2747.9 -4410.7 V) V 
4012 1143.5 -1338.1 8012 432.9 -956.3 12012 1227.3 -786.8 V) V 
•E 
13 2737.1 -4383.9 4013 1144.3 -1332.5 V) 8013 433.1 -949.7 V) V 12013 1221.4 -775.2 14 2723.4 -4225.7 •E O 4014 1139.5 -1317.2 V •E 8014 430.8 -942.0 12014 1209.2 -737.7 
C 20 2634.7 -4131.2 c 4020 1101.4 -1290.1 O 8020 412.7 -928.1 o 12020 1130.5 -703.3 
U) 30 2576.3 -3966.2 U) 4030 1069.0 -1274.8 U) CM 
8030 397.5 -926.3 E 12030 1090.7 -682.3 CM CD 40 2527.2 -3796.6 CO 4040 1045.2 -1251.3 8040 383.6 -910.8 U) CM 12040 1050.9 -657.7 O 50 2495.3 -3643.0 CT> O 4050 1030.3 -1240.8 8050 380.4 -903.8 O 12050 1047.0 -664.2 O +1 60 2462.5 -3474.4 O +1 4060 1013.7 -1230.0 +1 8060 364.7 -903.6 +1 II 
< 
12060 1031.4 -651.4 
II 70 2442.6 -3348.3 4070 999.7 -1210.0 II 8070 360.7 -890.9 12070 1020.0 -651.7 
< 80 2413.8 -3296.6 <1 4080 987.5 -1213.8 
<1 8080 350.2 -900.7 12080 1004.7 -647.4 
90 2380.9 -3249.9 4090 975.2 -1192.3 8090 345.1 -888.7 12090 983.9 -636.0 
100 2347.8 -3184.2 4100 949.9 -1182.2 8100 341.5 -891.1 12100 998.2 -639.0 
200 1883.0 -1893.7 4200 850.2 -1133.8 8200 307.7 -875.6 12200 923.0 -609.1 
300 1026.3 -1302.0 4300 793.8 -1094.4 8300 290.0 -860.3 12300 874.3 -598.3 
400 952.7 -1227.7 4400 745.9 -1062.3 8400 275.0 -857.9 12400 836.4 -603.2 
500 902.3 -1185.1 4500 708.5 -998.1 8500 263.2 -852.5 12500 799.7 -584.8 
600 873.4 -1145.7 4600 679.8 -976.0 8600 256.1 -831.7 12600 744.6 -565.7 
700 847.9 -1114.1 4700 659.0 -964.1 8700 251.9 -820.1 12700 733.0 -564.6 
800 820.5 -1103.2 4800 634.6 -942.8 8800 241.9 -816.4 12800 714.0 -551.6 
900 802.7 -1084.0 4900 264.7 -739.8 8900 237.1 -798.2 12900 687.3 -533.4 
1000 785.3 -1061.0 5000 225.5 -718.0 9000 234.1 -779.9 13000 686.1 -534.7 
2000 661.4 -978.1 6000 171.8 -687.0 10000 252.8 -716.0 14000 617.2 -502.7 
3000 590.8 -931.2 7000 154.5 -677.8 11000 262.0 -673.0 15000 0.0 0.0 
4000 533.8 -881.3 8000 125.9 -537.3 12000 228.5 -541.0 16000 0.0 0.0 
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Figure G.8. Parallel 3 - Hysteretic response at displacement of ±1/16 in.. 
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Figure G.9. Parallel 3 - Hysteretic response at displacement of ±3/32 in. 
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Figure G. 10. Parallel 3 - Hysteretic response at displacement of ±1/8 in.. 
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Figure G.ll. Parallel 3 - Hysteretic response at displacement of ±1/4 in. 
Table G.4. Perpendicular 1 - peak loads per cycle. 
Perpendicular 1 
Compression Tension Compression Tension Compression Tension Compression Tension 
Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) 
1 7334.4 -4589.1 4001 257.3 -630.9 8001 0.0 0.0 12001 0.0 0.0 
2 5281.9 -2910.2 4002 261.7 -618.9 8002 0.0 0.0 12002 0.0 0.0 
3 4797.2 -2899.0 4003 253.6 -613.5 8003 0.0 0.0 12003 0.0 0.0 
4 4667.3 -2871.1 4004 243.5 -608.1 8004 0.0 0.0 12004 0.0 0.0 
5 4584.0 -2845.4 4005 239.3 -604.9 8005 0.0 0.0 12005 0.0 0.0 
6 4508.5 -2815.1 4006 243.5 -600.6 8006 0.0 0.0 12006 0.0 0.0 
7 4442.8 -2803.3 4007 242.5 -591.9 8007 0.0 0.0 12007 0.0 0.0 
8 4401.5 -2795.0 4008 234.3 -591.8 8008 0.0 0.0 12008 0.0 0.0 
9 4372.8 -2786.9 4009 233.3 -590.7 8009 0.0 0.0 12009 0.0 0.0 
10 4324.2 -2774.1 4010 226.4 -583.8 8010 0.0 0.0 12010 0.0 0.0 
11 4280.6 -2765.6 4011 228.1 -586.3 8011 0.0 0.0 12011 0.0 0.0 
12 4242.0 -2752.1 V) V 
4012 227.0 -581.0 8012 0.0 0.0 12012 0.0 0.0 
V) V 
•E 
13 4194.7 -2741.1 4013 227.3 -578.6 V) 8013 0.0 0.0 V) V 12013 0.0 0.0 14 4167.6 -2721.0 •E O 4014 227.1 -570.4 V .£ 8014 0.0 0.0 12014 0.0 0.0 
C 20 3906.1 -2691.6 c 4020 211.0 -565.1 o 8020 0.0 0.0 o 12020 0.0 0.0 
U) 30 3708.3 -2645.7 U) 4030 201.7 -556.9 U) CM 
8030 0.0 0.0 c 12030 0.0 0.0 CM 40 3621.2 -2600.3 CO 4040 191.6 -548.5 8040 0.0 0.0 U) 12040 0.0 0.0 
O 50 3576.0 -2501.4 CT> O 4050 187.0 -547.9 8050 0.0 0.0 o 12050 0.0 0.0 
O 
+1 60 3543.5 -2465.5 O +1 4060 177.7 -540.4 
+1 8060 0.0 0.0 +1 II 
<1 
12060 0.0 0.0 
II 70 3511.8 -2443.9 4070 174.9 -537.6 II 8070 0.0 0.0 12070 0.0 0.0 
< 80 3475.2 -2410.6 <1 4080 170.6 -534.9 < 8080 0.0 0.0 12080 0.0 0.0 
90 3406.4 -2372.3 4090 165.5 -530.0 8090 0.0 0.0 12090 0.0 0.0 
100 3338.9 -2344.8 4100 163.9 -527.0 8100 0.0 0.0 12100 0.0 0.0 
200 2854.5 -2197.5 4200 122.7 -512.0 8200 0.0 0.0 12200 0.0 0.0 
300 2209.0 -2040.1 4300 107.0 -502.9 8300 0.0 0.0 12300 0.0 0.0 
400 1464.2 -1070.7 4400 101.1 -497.7 8400 0.0 0.0 12400 0.0 0.0 
500 1315.9 -1041.2 4500 90.9 -495.9 8500 0.0 0.0 12500 0.0 0.0 
600 1292.7 -1027.8 4600 83.7 -489.1 8600 0.0 0.0 12600 0.0 0.0 
700 1273.1 -1012.9 4700 78.9 -488.1 8700 0.0 0.0 12700 0.0 0.0 
800 1259.4 -1006.4 4800 74.2 -486.8 8800 0.0 0.0 12800 0.0 0.0 
900 1254.9 -1005.4 4900 66.3 -481.1 8900 0.0 0.0 12900 0.0 0.0 
1000 1249.2 -992.4 5000 66.4 -480.3 9000 0.0 0.0 13000 0.0 0.0 
2000 1230.9 -965.4 6000 42.5 -460.8 10000 0.0 0.0 14000 0.0 0.0 
3000 -46.3 -474.7 7000 0.0 0.0 11000 0.0 0.0 15000 0.0 0.0 
4000 -55.2 -447.4 8000 0.0 0.0 12000 0.0 0.0 16000 0.0 0.0 
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Figure G.12. Perpendicular 1 - Hysteretic response at displacement of ±1/16 in.. 
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Figure G.13. Perpendicular 1 - Hysteretic response at displacement of ±3/32 in. 
Table G.5. Perpendicular 2 - peak loads per cycle. 
Perpendicular 2 
Compression Tension Compression Tension Compression Tension Compression Tension 
Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) 
1 7240.5 -4962.0 4001 906.0 -982.2 8001 640.7 -919.1 12001 466.8 -798.4 
2 5673.7 -2585.8 4002 854.5 -951.1 8002 624.1 -889.0 12002 374.1 -754.2 
3 5348.3 -1877.7 4003 810.4 -938.1 8003 574.7 -878.0 12003 316.6 -749.1 
4 5214.9 -1728.4 4004 776.0 -945.0 8004 553.7 -875.6 12004 262.4 -708.9 
5 5091.7 -1586.4 4005 776.3 -951.6 8005 560.3 -884.9 12005 245.1 -702.7 
6 4926.1 -1561.2 4006 772.6 -942.9 8006 556.5 -875.0 12006 258.6 -713.9 
7 4669.1 -1548.6 4007 760.1 -933.1 8007 552.9 -870.7 12007 242.6 -708.4 
8 4249.6 -1530.0 4008 748.3 -926.3 8008 539.5 -857.0 12008 226.5 -700.9 
9 3769.8 -1505.3 4009 733.8 -915.9 8009 521.2 -847.9 12009 217.4 -702.4 
10 2669.3 -1492.3 4010 718.4 -931.5 8010 505.6 -851.0 12010 182.9 -665.2 
11 2402.4 -1476.3 4011 731.6 -933.0 8011 523.1 -865.7 12011 184.2 -669.6 
12 1435.6 -1451.5 V) V 
4012 720.8 -932.6 8012 521.3 -860.1 12012 206.2 -679.3 
V) V 
•E 
13 1385.6 -1443.3 4013 717.9 -929.0 V) 8013 520.5 -855.9 V) V 12013 203.9 -687.1 14 1363.6 -1416.1 •E O 4014 706.2 -926.2 V .E 8014 513.7 -849.4 12014 195.6 -677.5 
C 20 991.7 -1085.3 c 4020 675.7 -909.8 O 8020 478.6 -834.1 o 12020 157.9 -653.6 
U) 30 944.8 -1060.4 U) 4030 661.1 -911.3 U) CM 
8030 470.7 -832.1 c 12030 149.3 -646.9 CM 40 929.1 -1052.0 CO 4040 636.3 -904.4 8040 447.3 -825.3 U) 12040 -38.5 -505.3 
O 50 916.7 -1047.7 CT> O 4050 624.9 -898.1 8050 440.5 -814.8 o 12050 -270.6 -344.2 O +1 60 905.1 -1036.6 O +1 4060 615.7 -903.7 +1 8060 427.4 -816.5 
+1 
II 
<1 
12060 -274.3 -333.8 
II 70 900.9 -1042.5 4070 603.7 -893.8 II 8070 417.6 -799.8 12070 -274.6 -337.8 
< 80 891.3 -1033.1 <1 4080 601.7 -905.1 < 8080 408.9 -814.7 12080 -275.1 -334.9 
90 890.5 -1038.1 4090 585.8 -892.7 8090 395.3 -802.0 12090 -276.0 -339.8 
100 879.9 -1035.0 4100 592.8 -898.2 8100 387.6 -802.6 12100 -275.4 -334.2 
200 851.2 -1033.0 4200 548.9 -890.3 8200 335.4 -787.0 12200 -53.0 -67.7 
300 838.2 -1028.6 4300 522.4 -876.4 8300 282.9 -753.0 12300 0.0 0.0 
400 826.9 -1023.3 4400 506.7 -872.9 8400 275.1 -729.8 12400 0.0 0.0 
500 819.3 -1015.8 4500 492.8 -880.5 8500 260.6 -732.7 12500 0.0 0.0 
600 815.1 -1018.7 4600 477.0 -868.2 8600 237.0 -719.4 12600 0.0 0.0 
700 800.4 -1016.7 4700 463.7 -861.9 8700 235.2 -710.2 12700 0.0 0.0 
800 787.2 -1007.9 4800 460.3 -871.5 8800 226.3 -720.1 12800 0.0 0.0 
900 778.6 -1004.2 4900 439.7 -860.2 8900 207.2 -707.3 12900 0.0 0.0 
1000 762.3 -994.9 5000 435.3 -851.7 9000 179.6 -700.1 13000 0.0 0.0 
2000 639.7 -949.5 6000 367.0 -828.1 10000 117.1 -664.4 14000 0.0 0.0 
3000 560.3 -920.6 7000 313.8 -803.4 11000 85.4 -641.8 15000 0.0 0.0 
4000 526.4 -791.3 8000 245.8 -628.1 12000 31.2 -510.7 16000 0.0 0.0 
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"Perpendicular 2" 
Cyclic Fatigue Loading 
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Figure G. 14. Perpendicular 2 - Hysteretic response at displacement of ±1/16 in.. 
"Perpendicular 2" 
Cyclic Fatigue Loading 
Displacement = ± 3/32 in. 
Cycles 4001 - 4005 
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Figure G. 15. Perpendicular 2 - Hysteretic response at displacement of ±3/32in. 
189 
"Perpendicular 2" 
Cyclic Fatigue Loading 
Displacement = ± 1/8 in. 
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Figure G.16. Perpendicular 2 - Hysteretic response at displacement of ±1/8 in.. 
"Perpendicular 2" 
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Figure G. 17. Perpendicular 2 - Hysteretic response at displacement of ±1/4 in. 
Table G.6. Perpendicular 3 - peak loads per cycle. 
Perpendicular 3 
Compression Tension Compression Tension Compression Tension Compression Tension 
Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) Cycle (lbs) (lbs) 
1 7579.5 -4425.4 4001 804.7 -1063.4 8001 883.4 -954.6 12001 1769.8 -924.1 
2 4992.8 -4088.7 4002 829.5 -1084.1 8002 907.7 -960.7 12002 1763.2 -808.9 
3 4423.4 -3688.1 4003 785.3 -1067.3 8003 873.2 -953.6 12003 1682.6 -799.6 
4 3849.2 -3303.1 4004 753.6 -1050.9 8004 840.3 -948.6 12004 1626.8 -771.7 
5 3745.9 -3232.1 4005 742.2 -1044.0 8005 834.8 -941.5 12005 1603.2 -772.6 
6 3689.9 -3057.8 4006 740.6 -1037.4 8006 832.6 -942.5 12006 1600.8 -751.6 
7 3609.5 -2894.8 4007 733.1 -1026.5 8007 829.5 -942.6 12007 1581.9 -756.1 
8 3413.4 -2820.8 4008 724.6 -1016.9 8008 821.2 -932.0 12008 1577.0 -752.8 
9 2693.8 -2694.0 4009 709.9 -1004.7 8009 810.5 -924.6 12009 1549.4 -738.6 
10 2552.2 -2478.1 4010 693.6 -997.0 8010 789.9 -922.9 12010 1520.7 -723.6 
11 2468.1 -2429.8 4011 694.7 -1000.4 8011 787.9 -922.6 12011 1509.7 -724.1 
12 2439.6 -2398.8 V) V 
4012 694.1 -1000.8 8012 797.7 -924.2 12012 1524.1 -714.6 
V) V 
•E 
13 2418.4 -2376.7 4013 694.6 -995.6 V) 8013 801.7 -922.2 V) V 12013 1515.6 -719.0 14 2391.3 -2264.5 •E O 4014 691.7 -970.8 V .E 8014 791.8 -907.3 12014 1513.6 -692.1 
C 20 2279.9 -1875.3 c 4020 668.0 -945.6 O 8020 759.2 -896.6 o 12020 1452.6 -680.9 
U) 30 2189.3 -1396.7 U) 4030 658.4 -930.5 U) CM 
8030 748.8 -888.5 c 12030 1423.3 -653.1 CM 40 2147.8 -1382.2 CO 4040 642.3 -913.2 8040 732.2 -871.1 U) 12040 1391.3 -635.6 
O 50 2082.7 -1363.6 CT> O 4050 634.9 -905.1 8050 731.4 -865.4 o 12050 1383.9 -633.8 
O 
+1 60 2045.7 -1356.8 O +1 4060 625.6 -896.0 
+1 8060 716.7 -858.2 +1 II 
<1 
12060 1360.3 -617.7 
II 70 2011.6 -1342.2 4070 617.3 -888.7 II 8070 715.3 -851.3 12070 1347.5 -621.6 
< 80 1981.3 -1336.7 <1 4080 614.1 -888.8 < 8080 712.1 -850.0 12080 1336.1 -613.4 
90 1939.3 -1325.7 4090 604.8 -876.7 8090 704.7 -841.4 12090 1320.8 -608.5 
100 1913.0 -1309.8 4100 606.7 -871.9 8100 706.4 -836.6 12100 1319.0 -600.9 
200 1410.1 -1272.0 4200 574.4 -849.3 8200 679.0 -811.9 12200 1245.2 -571.7 
300 1142.3 -1250.6 4300 558.7 -830.0 8300 657.6 -797.7 12300 1198.8 -558.4 
400 1126.2 -1231.7 4400 550.9 -813.6 8400 656.1 -787.8 12400 1172.2 -554.0 
500 1121.4 -1226.8 4500 537.8 -808.1 8500 635.2 -778.8 12500 1120.9 -538.5 
600 1106.3 -1219.8 4600 527.6 -798.7 8600 624.8 -766.6 12600 1087.2 -525.2 
700 1101.9 -1208.9 4700 518.9 -797.4 8700 622.3 -760.5 12700 1070.8 -530.9 
800 1096.9 -1194.7 4800 516.2 -797.9 8800 611.2 -758.3 12800 1036.1 -523.1 
900 1084.1 -1156.7 4900 501.8 -788.7 8900 595.9 -748.6 12900 1006.8 -517.6 
1000 1072.6 -1092.1 5000 498.6 -784.9 9000 593.8 -740.7 13000 993.9 -510.2 
2000 580.2 -852.9 6000 443.3 -764.4 10000 539.0 -707.3 14000 885.4 -488.3 
3000 484.3 -830.3 7000 405.9 -748.3 11000 500.4 -685.8 15000 815.1 -472.1 
4000 447.9 -787.0 8000 343.7 -658.8 12000 442.5 -618.1 16000 733.9 -468.6 
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"Perpendicular 3" 
Cyclic Fatigue Loading 
Displacement = ± 1/16 in. 
Cycles 1 - 5 
10000 
0.0352 
8000 
6947.9 
6394.6 
6000 
4000 
2000 
0 
-2000 
-4000 -4375.1 
-4244.7 
-6000 
-0.0373 
-8000 
-0.075 -0.050 -0.025 0.000 
Displacement (inches) 
0.025 0.050 0.075 
Figure G. 18. Perpendicular 3 - Hysteretic response at displacement of ±1/16 in.. 
"Perpendicular 3" 
Cyclic Fatigue Loading 
Displacement = ± 3/32 in. 
Cycles 4001 - 4005 
1500 
1000 
785.3 
0.0588 
500 
156.2 
0 
-500 
-714.6 
1-0.0601 
-1000 
-1067.3 
-1500 
-0.100 -0.075 -0.050 -0.025 0.000 
Displacement (inches) 
0.025 0.050 0.075 0.100 
Figure G. 19. Perpendicular 3 - Hysteretic response at displacement of ±3/32 in. 
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"Perpendicular 3" 
Cyclic Fatigue Loading 
Displacement = ± 1/8 in. 
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Figure G.20. Perpendicular 3 - Hysteretic response at displacement of ±1/8 in.. 
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Figure G.21. Perpendicular 3 - Hysteretic response at displacement of ±1/4 in. 
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Table G.7. Static loading - maximum loads and displacements. 
Specimen Load (lbs) 
Displacement 
(in.) 
Pilot 1694.0 0.3082 
Parallel 1 813.7 0.3550 
Parallel 2 604.1 0.4171 
Parallel 3 656.2 0.4584 
Perpendicular 1 N/A N/A 
Perpendicular 2 N/A N/A 
Perpendicular 3 N/A N/A 
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APPENDIX H 
Elemental Fatigue Test 
Strain Data 
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"Parallel 1" - Delta Tie 1 
Strain vs. Time 
6000 
4000 
2000 
o 
I 
5) 
-2000 
-4000 
-6000 
0 10 20 30 40 50 60 
Time (seconds) 
2 
3 
4 
5 
Figure H. 1. Parallel 1 - Delta Tie 1 strain data for Cycle 1. 
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Figure H.2. Parallel 1 - Delta Tie 2 strain data for Cycle 1. 
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"Parallel 3" - Delta Tie 1 
Strain vs. Time 
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Figure H.3. Parallel 3 - Delta Tie 1 strain data for Cycle 1. 
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Figure H.4. Parallel 3 - Delta Tie 2 strain data for Cycle 1. 
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"Perpendicular 1" - Delta Tie 1 
Strain vs. Time 
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Figure H.5. Perpendicular 1 - Delta Tie 1 strain data for Cycle 1. 
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Figure H.6. Perpendicular 1 - Delta Tie 2 strain data for Cycle 1. 
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"Perpendicular 3" - Delta Tie 1 
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Figure H.7. Perpendicular 3 - Delta Tie 1 strain data for Cycle 1. 
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Figure H.8 .  Perpendicular 3 - Delta Tie 2 strain data for Cycle 1. 
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In order to identify the strains associated with the critical displacement points for 
comparison with the theoretical analysis, the strains were given a time stamp. Based on 
notes taken during the testing procedure and observation of the data, the time stamps were 
determined for each critical displacement and are listed in Table H.l. 
Table H I. Time stamps for strains at critical displacements. 
Specimen 
Time Stamp (seconds) 
1/4 Peak 1/2 Peak Potential Fracture Peak 
Parallel 1 9.0 13.5 18 5 27.0 
Parallel 3 9.9 14.8 20.2 294  
Perpendicular 1 9.6 — 12.7 29 3 
Perpendicular 3 9.3 — 12.7 28 1 
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Full-scale Thermal Test 
Theoretical Displacement Analysis 
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Table 1.1. Theoretical thermal displacements with pinned-pinned condition. 
Pinned-Pinned Condition 
Wall Panel 1 Wall Panel 2 Wall Panel 3 
a (in./in./°F) = 5.50E-06 5.50E-06 5.50E-06 
AT (°F) = 100 100 100 
t (in) = 10.67 10.67 5.92 
b (in.) = 48 48 48 
L (ft) = 40 40 40 
E (ksi) = 4431 4345 4727 
1 (in.4) = 4859 4859 830 
0A (rad) = -0.01237 -0.01237 -0.02230 
RA = Rb (kips) = 0 0 0 
MA= Mb (in.-k) = 0 0 0 
X y(x) y(x) y(x) 
(ft) (in) (in) (in) 
0 0.000 0.000 0.000 
5 -0.649 -0.649 -1.171 
10 -1.113 -1.113 -2.007 
15 -1.392 -1.392 -2.508 
20 -1.485 -1.485 -2.676 
25 -1.392 -1.392 -2.508 
30 -1.113 -1.113 -2.007 
35 -0.649 -0.649 -1.171 
40 0.000 0.000 0.000 
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Table 1.2. Theoretical thermal displacements with pinned-fixed condition. 
Pinned-Fixed Condition 
Wall Panel 1 Wall Panel 2 Wall Panel 3 
a (in./in./°F) = 5.50E-06 5.50E-06 5.50E-06 
AT (°F) = 100 100 100 
t (in.) = 10.67 10.67 5.92 
b (in.) = 48 48 48 
L (ft) = 40 40 40 
E (ksi) = 4431 4345 4727 
1 (in.4) = 4859 4859 830 
0A (rad) = -0.00619 -0.00619 -0.01115 
RA (kips) = 
-3 -3 -1 
Mb (in.-k) = 
-1665 -1632 -547 
X y(x) y(x) y(x) 
(ft) (in) (in) (in) 
0 0.000 0.000 0.000 
5 -0.284 -0.284 -0.512 
10 -0.418 -0.418 -0.753 
15 -0.435 -0.435 -0.784 
20 -0.371 -0.371 -0.669 
25 -0.261 -0.261 -0.470 
30 -0.139 -0.139 -0.251 
35 -0.041 -0.041 -0.073 
40 0.000 0.000 0.000 
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Table 1.3. Wall Panel 1 - theoretical thermal displacements with varying degrees of fixity at restrained end. 
Wall Panel 1 
% Fixity = 0 25 50 75 100 
X y(x) y(x) y(x) y(x) y(x) 
(ft) (in) (in) (in) (in) (in) 
0 0.000 0.000 0.000 0.000 0.000 
5 -0.649 -0.558 -0.467 -0.375 -0.284 
10 -1.113 -0.939 -0.765 -0.591 -0.418 
15 -1.392 -1.153 -0.913 -0.674 -0.435 
20 -1.485 -1.206 -0.928 -0.649 -0.371 
25 -1.392 -1.109 -0.826 -0.544 -0.261 
30 -1.113 -0.870 -0.626 -0.383 -0.139 
35 -0.649 -0.497 -0.345 -0.193 -0.041 
40 0.000 0.000 0.000 0.000 0.000 
Table 1.4. Wall Panel 2 - theoretical thermal displacements with varying degrees of fixity at restrained end. 
Wall Panel 2 
% Fixity = 0 25 50 75 100 
X y(x) y(x) y(x) y(x) y(x) 
(ft) (in) (in) (in) (in) (in) 
0 0.000 0.000 0.000 0.000 0.000 
5 -0.649 -0.558 -0.467 -0.375 -0.284 
10 -1.113 -0.939 -0.765 -0.591 -0.418 
15 -1.392 -1.153 -0.913 -0.674 -0.435 
20 -1.485 -1.206 -0.928 -0.649 -0.371 
25 -1.392 -1.109 -0.826 -0.544 -0.261 
30 -1.113 -0.870 -0.626 -0.383 -0.139 
35 -0.649 -0.497 -0.345 -0.193 -0.041 
40 0.000 0.000 0.000 0.000 0.000 
Table 1.5. Wall Panel 3 - theoretical thermal displacements with varying degrees of fixity at restrained end. 
Wall Panel 3 
% Fixity = 0 25 50 75 100 
X y(x) y(x) y(x) y(x) y(x) 
(ft) (in) (in) (in) (in) (in) 
0 0.000 0.000 0.000 0.000 0.000 
5 -1.171 -1.006 -0.841 -0.677 -0.512 
10 -2.007 -1.693 -1.380 -1.066 -0.753 
15 -2.508 -2.077 -1.646 -1.215 -0.784 
20 -2.676 -2.174 -1.672 -1.171 -0.669 
25 -2.508 -1.999 -1.489 -0.980 -0.470 
30 -2.007 -1.568 -1.129 -0.690 -0.251 
35 -1.171 -0.896 -0.622 -0.348 -0.073 
40 0.000 0.000 0.000 0.000 0.000 
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Wall Panel 1 
Theoretical Displacements 
With Varying Restrained-End Fixity 
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Figure 1.1. Wall Panel 1 - theoretical thermal displacement with varying degrees of fixity. 
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Figure 1.2. Wall Panel 2 - theoretical thermal displacement with varying degrees of fixity. 
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Wall Panel 3 
Theoretical Displacements 
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Figure 1.3. Wall Panel 3 - theoretical thermal displacement with varying degrees of fixity. 
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Elemental Fatigue Test 
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Reactions 
1/4 Peak 
Fx = 0 Fx = 0 
Fy- 67 Fy- -67 
Fx = 
-262 Fx = -262 
Fy- 262 \ z 
/ Fy = 
-262 
Fx = 262 z \ < Fx - 262 
Fy- 262 Fy- -262 
Fx = 
-262 Fx = -262 
Fy- 262 \ z / Fy- -262 
Fx = 262 z \ V Fx = 262 
Fy- 262 Fy- -262 
Fx = 0 Fx = 0 
Fy- 67 Fy- -67 
Total Reactions 
A = 0 in. A = -0.0125 in. 
Fx = 0 lbs Fx = 0 lbs 
Fy = 1184 lbs Fy = -1184 lbs 
Figure J. 1. Summary of Delta Tie reactions 
from finite element analysis at 
1/4 Peak displacement. 
1/2 Peak 
Fx = 0 Fx = 0 
Fy - 135 Fy - -135 
Fx = 
-525 Fx = -525 
Fy - 525 \ z 
f Fy = 
-525 
Fx = 525 z \ V Fx = 525 
Fy - 524 Fy - -524 
Fx = 
-525 Fx = -525 
Fy - 525 \ z 
/ Fy = 
-525 
Fx = 525 z \ < Fx = 525 
Fy - 524 Fy - -524 
Fx = 0 Fx = 0 
Fy - 135 Fy - -135 
Total Reactions 
A = 0 in. A = -0.0313 in. 
Fx = 0 lbs Fx = 0 lbs 
Fy = 2367 lbs Fy = -2367 lbs 
Figure J.2. Summary of Delta Tie reactions 
from finite element analysis at 
1/2 Peak displacement. 
Reactions - continued 
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Potential Fracture 
Fx = 0 Fx = 0 
Fy- 185 Fy- -185 
Fx = 
-722 Fx = -722 
Fy- 722 \ z Fy- -722 
Fx = 722 z \ Fx - 722 
Fy- 722 Fy- -722 
Fx = 
-722 Fx = -722 
Fy- 722 \ z Fy- -722 
Fx = 722 z \ Fx - 722 
Fy- 722 Fy- -722 
Fx = 0 Fx = 0 
Fy- 185 Fy- -185 
Total Reactions 
A = 0 in. A = -0.043 in. 
Fx = 0 lbs Fx = 0 lbs 
Fy = 3257 lbs Fy = -3257 lbs 
Figure J.3. Summary of Delta Tie reactions 
from finite element analysis at 
Potential Fracture displacement. 
Peak 
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Total Reactions 
A = 0 in. A = -0.0625 in. 
Fx = 
Fy = 
-0.1 
4734.3 
lbs 
lbs 
Fx = 
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Figure J.4. Summary of Delta Tie reactions 
from finite element analysis at 
Peak displacement. 
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Strains 
Table J. 1. Strains from finite element analysis. 
Gage 
Location 
Strain (microstrain) 
Global Coordinates 
Ex Ey Exy Eaxiai 
Quarter Peak 
1 0 0 -2218 0 
2 -409 -2493 -5666 -4283 
3 406 2480 -5627 4257 
4 -406 -2479 -5627 -4256 
5 409 2493 
-5666 4284 
Half Peak 
1 0 0 -4437 0 
2 -817 -4986 -11331 -8567 
3 813 4959 -11255 8513 
4 -813 -4959 -11254 -8513 
5 817 4986 -11332 8567 
Potential Fracture 
1 0 0 -6105 0 
2 -1124 -6860 -15592 -11788 
3 1118 6824 -15486 11714 
4 -1118 -6823 -15486 -11714 
5 1124 6860 -15592 11788 
Peak 
1 0 0 -8874 0 
2 -1634 -9971 -22663 -17134 
3 1625 9918 -22509 17026 
4 -1625 -9917 -22508 -17025 
5 1634 9971 -22663 17134 
Ex = Normal strain in the Global X-direction. 
Ey = Normal Strain in the Global Y-direction. 
Exy = Shear strain in the XY plane. 
Eaxiai = Transformed axial strain. 
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Stresses 
Table J.2. Stress results from finite element analysis. 
Gage Stress (psi) 
Location Sx Sy Sxy S1 S3 
Quarter Peak 
1 0 0 -797 1595 -1595 
2 -3972 -3981 -4073 96 -8050 
3 3951 3960 -4045 8001 -90 
4 -3951 -3960 -4045 90 -8001 
5 3972 3981 -4073 8050 -97 
Half Peak 
1 0 0 -1595 3190 -3190 
2 -7945 -7962 -8146 193 -16100 
3 7901 7920 -8091 16002 -181 
4 -7901 -7919 -8091 181 -16002 
5 7945 7962 -8146 16101 -193 
Potentia Fracture 
1 0 0 -2195 4389 -4389 
2 -10932 -10956 -11209 266 -22154 
3 10873 10898 -11133 22019 -249 
4 -10873 -10897 -11133 249 -22018 
5 10932 10957 -11210 22154 -266 
Peak 
1 0 0 -3190 6379 -6379 
2 -15890 -15924 -16292 386 -32200 
3 15803 15839 -16182 32004 -362 
4 -15803 -15839 -16181 362 -32003 
5 15890 15925 -16293 32201 -386 
Sx = Stress in the horizontal, x-direction. 
Sy = Stress in the vertical y-direction. 
Sxy = Shear Stress in the x-y plane. 
SI = Principal Stress 1. 
S3 = Principal Stress 3. 
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APPENDIX K 
Elemental Fatigue Test 
Failed Delta Tie Pictures 
212 
Parallel Tie Orientation 
Interior Concrete Wythe Delta Tie 
(Parallel Tie Orientation) 
Exterior Concrete Wythe 
Tigure K. 1. Elemental specimen with parallel tie orientation. 
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Figure K.2. Parallel 1 - failed Delta Tie at interior wythe (left side) 
Figure K.3. Parallel 1 - failed Delta Tie at exterior wythe (left side). 
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Figure K.4. Parallel 1 - failed Delta Tie at interior wythe (right side). 
Figure K.5. Parallel 1 - failed Delta Tie at exterior wythe (right side). 
: 
Figure K.6. Parallel 2 - failed Delta Tie at interior wythe (left side) 
Figure K.7. Parallel 2 - failed Delta Tie at exterior wythe (left side). 
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Figure K.8. Parallel 2 - failed Delta Tie at interior wythe (right side). 
r 
Figure K.9. Parallel 2 - failed Delta Tie at exterior wythe (right side). 
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Figure K. 10. Parallel 3 - failed Delta Tie at interior wythe (left side) 
Figure K.ll. Parallel 3 - failed Delta Tie at exterior wythe (left side). 
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Figure K.12. Parallel 3 - failed Delta Tie at interior wythe (right side). 
Figure K. 13. Parallel 3 - failed Delta Tie at exterior wythe (right side). 
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Perpendicular Tie Orientation 
Interior Concrete Wythe Delta Tie 
(Perpendicular Tie Orientation) 
Exterior Concrete Wythe 
Figure K. 14. Elemental specimen with perpendicular tie orientation. 
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Figure K. 15. Perpendicular 1 - failed Delta Tie at exterior wythe (left side) 
Figure K.16. Perpendicular 1 - failed Delta Tie at interior wythe (left side). 
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Figure K. 17. Perpendicular 1 - failed Delta Tie at exterior wythe (right side). 
Figure K. 18. Perpendicular 1 - failed Delta Tie at interior wythe (right side). 
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Figure K. 19. Perpendicular 2 - failed Delta Tie at exterior wythe (left side). 
Figure K.20. Perpendicular 2 - failed Delta Tie at interior wythe (left side). 
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Figure K.21. Perpendicular 2 - failed Delta Tie at exterior wythe (right side). 
Figure K.22. Perpendicular 2 - failed Delta Tie at interior wythe (right side). 
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Figure K.23. Perpendicular 3 - failed Delta Tie at exterior wythe (left side). 
Figure K.24. Perpendicular 3 - failed Delta Tie at interior wythe (left side). 
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Figure K.25. Perpendicular 3 - failed Delta Tie at exterior wythe (right side). 
Figure K.26. Perpendicular 3 - failed Delta Tie at interior wythe (right side). 
